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Physiological adaptation to environmental stressors is often studied in isolation, 
but these stressors are frequently combined outside of laboratory settings, for 
example cold and hypoxia at altitude. There is also limited information about the 
effect that adaptation to one environment has on exposure to another. The five 
studies in this thesis were conducted in humans to assess the effect cold 
habituation has on the response to a simulated hypoxic exposure, and also to 
investigate a possible mechanism through which any change may occur.  
A possible site for the ‗cross-adaptation‘ between cold habituation and hypoxia 
is the autonomic nervous system. Heart rate variability (HRV) is an non-invasive 
measurement technique which has been used to quantify autonomic activity. 
The two main frequency bands of interest when using HRV are referred to as 
the Low-Frequency (LF) band (the power found between 0.04 and 0.15 Hz) and 
the High-Frequency (HF) band (the power found between 0.15 and 0.4 Hz). 
Study One assessed the reliability of heart rate variability as a technique to 
indicate autonomic activity during both paced (breathing in time to a standard 
audible signal) and spontaneous breathing conditions, and at different cycling 
exercise intensities in a thermoneutral environment. It was hypothesised that 
within each condition HRV indices would be reliable between repeated 
recordings, which were separated by 96 hours. Eight participants performed 
each condition on the two occasions. Analysis of the data (coefficients of 
variation [CV] and intraclass correlation coefficients [ICC]) showed that the 
paced breathing condition was the most reliable condition, and time domain 
HRV indices were reliable, whilst not all frequency domain HRV indices were. 
Normalising and log transforming the raw data did improve reliability and log 
transformed total and high frequency (Ln HF) power and low:high frequency 
ratio (Ln LF:HF) met the a priori criteria (CV <10 % and ICC > r=0.8). It was 
concluded that most log transformed HRV indices were reliable at rest, during 
paced breathing and during moderate intensity exercise. Thus, the hypothesis 
was accepted, but caution was advised as several of the indices were close to 





second autonomic measurement technique may be considered to substantiate 
its use. 
The previous study identified that Ln HF power increased when breathing 
frequency was reduced at rest. Study Two investigated the effect that 
alterations in breathing patterns had on HRV indices during rest and unloaded 
seated cycle ergometery (0 Watts) in 16 male participants. It was hypothesised 
that breathing which was externally paced would increase HF power compared 
to spontaneous breathing conditions. HF power was elevated during the paced 
breathing conditions in comparison to spontaneous breathing at rest and during 
unloaded exercise. Consequently, the hypothesis was accepted. Thus, 
ventilatory variables should be recorded in following studies as there may be 
links between ventilation and HRV indices. 
The previous studies used participants‘ freely chosen cadence when cycling, 
this may have influenced the HRV. The third study tested the hypothesis that 
cycling cadence affected HRV indices. HRV indices from 16 male participants 
were analysed when cycling at 40, 60, 80 and 100 revs.min-1 on an unloaded (0 
Watts) and loaded (100 Watts) seated cycle ergometer. HRV indices declined 
as cadence was increased. Thus, the hypothesis was accepted. If HRV indices 
were to be calculated during subsequent experiments, both cadence and power 
output would have to be standardised.  
The first three studies provided information on the conditions which must be 
present to produce reliable HRV data during moderate intensity exercise. These 
studies also indicated that an additional means of measuring autonomic activity 
should be included.  
Study Four was designed to establish if one hypoxic exposure would influence a 
second exposure, if there was no effect the model could be adopted for the final 
experiment. This study also examined the effect of hypoxia on HRV indices at 
rest and during exercise. It was hypothesised that exercise and hypoxia would 
exert separate and additive effects on HRV indices and catecholamine 
concentrations. Twelve male participants rested and exercised on a loaded 





0.2093) and hypoxic conditions (FIo2 0.15) on two occasions, separated by 96 
hours. HRV and catecholamine concentrations were similar between the 
normoxic and hypoxic resting conditions. During exercise in normoxia 
catecholamine concentrations increased and Ln HF power was reduced, further 
increases in catecholamine concentrations and a reduction in Ln HF power 
were found during exercise in hypoxic conditions. The hypothesis was rejected 
for resting conditions, and accepted for the exercise conditions. It was also 
found that the first hypoxic exposure did not influence the HRV indices and 
catecholamine concentrations of the second hypoxic exposure and this model 
could therefore be used for the final experiment. 
The final study (Study Five) tested for the presence of a ‗cross-adaptation‘ 
response in cold habituated humans to hypoxic exposures during rest and 
moderate intensity exercise. This study was designed on the basis of the 
information obtained from the previous four experiments and tested the 
hypothesis that cold habituation by repeated cold-water immersions would 
reduce the sympathetic activity and cardio-respiratory responses during loaded 
cycling (100 W) in hypoxic conditions (FIo2 0.12). Thirty-two male participants 
underwent six, five minute immersions in either cold (12 °C) or thermoneutral 
(35 °C) water over a three day period. The normoxic and hypoxic exposures 
were performed before and after the water immersions. It was established that 
cold habituation attenuated the sympathetic response to loaded exercise during 
an acute hypoxic exposure and reduced the number and severity of acute 
mountain sickness (AMS) symptoms. The study provides the first evidence of a 
cross-adaptation between cold habituation and hypoxic exposure in humans. 
This was not found in participants who performed thermoneutral water 
immersions. Therefore, the hypothesis was accepted. In conclusion, in four of 
four participants whose catecholamine concentrations were analysed and eight 
from 16 volunteers whose HRV was analysed, showed that cold habituation 
reduces the sympathetic response to an acute hypoxic stimulus during loaded 
cycling. However, it is not known if this cross-adaptation provides an adaptive or 
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1. INTRODUCTION  
1.1 STATEMENT OF THE PROBLEM 
The World Health Organisation estimates that approximately 35 million people 
travel to altitudes above 3000 m each year (Bergold 2003 cited in Dumont et al., 
2005). For example high altitude trekking in Nepal increased 330 % from 1982 
to 1994 and 450 % from 1994 to 2000 (Gaillard et al., 2004). Consequently, a 
larger number of people need to prepare for the environmental conditions found 
at altitude. The ambient conditions at altitude are cooler and hypoxic compared 
to those experienced at sea level. The barometric pressure declines and the 
rate at which air temperature drops with changes in elevation varies from -0.40 
°C.100 m-1 ascended for saturated air to -0.98 °C.100 m-1 for dry air (Dodson & 
Marks, 1997). The average ambient air temperature gradients are between -
0.55 °C.100 m-1 (Angot 1892 cited in Rolland, 2003) and -0.65 °C.100 m-1 
ascended (Barry and Chorley 1987 cited in Rolland, 2003). Therefore, large 
numbers of people need to prepare for the multiple environmental conditions 
(cold and hypoxia) experienced at altitude. Although altitude acclimatisation1 
can produce specific adaptations to the environment it requires a sojourn to 
altitude or the use of a hypobaric/hypoxic chamber for intermittent hypoxic 
training. These methods can be time consuming, inaccessible and expensive.  
Acclimatisation to altitude requires time at altitude to allow physiological 
adaptation to the environment to occur. Military personnel, and sometimes 
industrial employees may be required to operate at altitude or in a hypoxic 
environment, with little time to prepare for such deployment and must arrive at 
altitude ready to perform arduous work when physiologically unprepared for the 
environmental stressor. This short notice does not allow adequate time for 
specific adaptation to develop, which can take days to generations to occur 
depending on the adaptation (Peacock, 1998; West et al., 2007).  Moreover, 
rapid ascent and lack of physiological preparedness results in an increase in the 
                                            
1 Acclimatisation is defined as the physiological or behavioural changes occurring within the 
lifetime of an organism that reduce the strain caused by stressful changes in the natural climate 
The Commission for Thermal Physiology of the International Union of Physiological Sciences. 
(2001). Glossary of Terms for Thermal Physiology. The Japanese Journal of Physiology 51, 
245-280. 
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number of cases of acute mountain sickness (AMS) (Hoon et al., 1976; Chen et 
al., 2008). This can result in a reduction in operational capability (physical 
performance) and lead to health problems. Indeed, the incidence and severity of 
AMS in unacclimatised military personnel was shown to increase from 20 % to 
70 % when ascending to altitudes between 2000 m and 3960 m (Gallagher & 
Hackett, 2004). Part of the effector response to hypoxia is an elevated 
sympathetic activation (Mazzeo et al., 1991; Mazzeo et al., 1995). An elevated 
sympathetic nervous system response has been found in individuals with AMS 
symptoms (Hoon et al., 1976; Kamimori et al., 2009) and high altitude 
pulmonary oedema (Duplain et al., 1999). Therefore, if a method of habituating 
the sympathetic response to hypoxia could be developed, it may offer an 
inexpensive way of adapting the autonomically driven responses to hypoxia and 
altitude as well as potentially reducing the symptoms of AMS.  
From an academic perspective the reason for investigating the influence of cold 
habituation on altitude exposure is to better understand the nature of general 
and specific components of adaptation1. It is the drive to maintain homeostasis2 
that results in adaptation (Cannon, 1929).  The process of adaptation occurs 
with repeated exposures to stress or a stressor3, where mechanisms are 
developed to reduce the internal strain resulting from similar repeated 
exposures (Adolph, 1956). According to Adolph (1956), adaptive responses 
tend to be specific to the stressor, rather than produce the same general 
responses to different stressors, which was implied by the general adaptation 
syndrome theory (Selye, 1950). Although most adaptive responses are specific 
to the stressor, the principles of both Cannon and Selye‘s research suggest 
there may be some generic physiological adaptations to stressors which involve 
the autonomic nervous system (ANS) (Cannon, 1932; Selye, 1950). Therefore, 
as well as specific adaptations to a physical stressor, the ANS response may 
                                            
1
  An adaptation is a physiological change which compensates for a stressor (Armstrong 2000). 
2
  The balance of the body‘s internal environment. 
3
  A stressor is a real or interpreted threat to the physiological or psychological integrity of an 
individual that results in physiological and/or behavioural responses (McEwen, 2000 cited in 
Levine 2005). 
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also be a site for generic adaptation, or more likely habituation1, when exposed 
to a number of different stressors.  
Physiological adaptations to environmental stressors are often studied in 
isolation; however, environments may involve multiple stressors. For example, 
at altitude the environment is both cold and hypoxic, and in the desert, extremes 
of temperature exist, hot dry conditions typically occur during daylight hours and 
cold conditions by night. Compared to studies of single environmental stressors, 
there has been much less research where multiple environmental stressors 
have been used.  
Currently it is known that short repeated cold-water immersions habituate the 
autonomic sympathetic response in human participants (Huttunen et al., 2001). 
Unlike altitude acclimatisation or intermittent hypoxic training, repeated cold-
water exposure is a quick and simple procedure that can be performed 
inexpensively. Such an intervention may enable a ―cross-adaptation‖2 to occur 
between cold habituation and hypoxic conditions, and provides an opportunity 
to study the possible mechanisms of this response. It is proposed that the 
cross-adaption between cold habituation and acute hypoxia may result from a 
generic rather than specific adaptation and the site of this generic adaptation 
may be the ANS (Figure 1.1), where repeated cold-water immersions habituate 
the autonomic sympathetic response, and this attenuated sympathetic response 
may be present during subsequent exposure to acute hypoxic conditions.  
  
                                            
1
 Habituation: reduction in the response or perception of repeated stimulation. The Commission 
for Thermal Physiology of the International Union of Physiological Sciences (2001). 
 
2
 Adaptation to one environmental stressor can influence the response to another. 












Figure 1.1. A model of the proposed mechanism for cross-adaptation 
1.2 RESEARCH BACKGROUND 
The area of environmental cross-adaptation has been investigated in a limited 
number of studies which have mostly been performed on rodents. Some studies 
have focused on the effects that heat acclimation has on a subsequent 
ischaemic insult or hypoxic exposure (Levi et al., 1993; Levy et al., 1997; 
Maloyan et al., 2005; Shein et al., 2005; Tetievsky et al., 2008), with one recent 
study extending this work to establish the response with human participants 
(Heled et al., 2009). 
No studies have investigated the effects of cold habituation on subsequent 
hypoxic exposures in humans, and at present this cross-adaptation has only 
been investigated in rodents. The findings of these studies are contradictory, as 
survival time and time to unconsciousness in rodents in hypoxic conditions after 
exposure to the cold has been found to have been either unchanged (Fregly, 
1954), reduced (Fregly, 1953, Altland et al., 1972; 1973), or increased (LeBlanc, 
1969). The types of cold exposure may be the cause of these disparate 
findings. Those using prolonged moderate cold exposures found no effect or  
reduced survival time (Fregly, 1953, 1954; Altland et al., 1972; 1973), whereas 
short repeated severe cold exposures improved survival in hypoxic conditions 
(LeBlanc, 1969). This suggests that the response to hypoxia may be the result 
of the type of adaptation or habituation developed in response to the cold 
exposure. The prolonged exposures resulting in a specific metabolic cold 
adaptation, whilst short severe exposures produce a general autonomic 
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habituation. The metabolic adaption resulting from prolonged moderate cold 
exposures increases oxygen consumption and may be the cause of the 
reduction in survival time in hypoxic conditions. Whereas the repeated short 
severe cold exposures may result in an habituation of the sympathetic nervous 
system response, and this reduction may be carried over to subsequent hypoxic 
exposures.  
The cross-adaptation between cold habituation and hypoxia has not been 
examined in human participants and may occur through a similar mechanism to 
that found in rats. Investigation of the cross-adaptive effect between cold 
habituation and hypoxia in human participants was the focus of the programme 
of research described in this thesis. 
1.3  SUMMARY OF INDIVIDUAL CHAPTERS 
This chapter presents the context and purpose of the research described in this 
thesis. Following an outline of the human autonomic nervous system, Chapter 
Two moves on to discuss the techniques for assessing changes in autonomic 
balance during exposure to different environmental conditions. The 
physiological adaptations that occur in response to short and long term cold 
exposures and during exposure to altitude or hypoxia are also described. 
Finally, the research in the area of environmental cross-adaptation is reviewed, 
focusing primarily on the literature describing the effect that cold habitation has 
on subsequent hypoxic exposures. 
Chapter Three details the equipment and procedures utilised in all of the studies 
presented in this thesis, and the specific methods used in individual studies 
described in each experimental chapter. 
Chapter Four introduces HRV as a non-invasive measurement of autonomic 
balance. The primary aim of this pilot study was to assess the effects different 
condition and exercise intensities had on HRV indices, and establish the 
reliability of HRV calculations. These data were used in power calculations to 
provide an estimation of participant numbers for subsequent experiments. It 
was concluded that HF power increased during paced compared to 
spontaneous breathing conditions, HRV also declines with increasing exercise 
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intensity (from rest to 100 W of cycling). In addition, the frequency domain HRV 
indices were not reliable when presented as raw or normalised data, 
nevertheless the Ln transformed values were reliable, with the exception of the 
Ln LF power. Data from this study were presented at the 13th International 
Conference on Environmental Ergonomics conference, Boston, Massachusetts, 
2nd to 7th April 2009. 
It was noted in the previous study that changes in ventilation at rest may 
influence HRV, however, it is not known if this effect occurred when exercising. 
Chapter Five investigated the ventilatory influence on HRV. Both the rate and 
depth of breathing are known to influence indices of HRV (Brown et al., 1993; 
Novak et al., 1993). Consequently, the aim of the second study was to 
determine if a standardised breathing frequency influenced HRV compared to 
spontaneous breathing when cycling on an unloaded cycle ergometer. If it did, 
this would require ventilatory variables to be recorded in subsequent 
experiments. It was concluded that  differences in breathing patterns influence 
indices of HRV. Future studies that estimate autonomic activity using HRV 
during cycling exercise should consider the potential confounding effects that 
alterations in ventilation, exercise intensity and/or cycling cadence may cause, 
and may require the use of an additional assessment tool to quantify autonomic 
activity. Data from this study were presented at The Physiological Society 
meeting, Kings College London, 1st to 3rd April 2009. 
During the first two studies, participants exercised on an electronically braked 
cycle ergometer, at a freely chosen cadence (FCC), and the external work 
remained the same regardless of the cadence adopted. The cadence adopted 
may have affected the HRV indices. As there is no published literature on this 
topic, Study Three (described in Chapter Six) examined the effect of cycling at a 
constant power output at different standardised cadences on HRV indices. It 
was concluded that at a constant power output HRV indices were influenced by 
changes in cadence. Future studies that estimate autonomic activity (using 
HRV) during cycling exercise should standardise cadence and power output. 
Data from this study were presented at The Physiological Society meeting, 
Kings College London, 1st to 3rd April 2009 (Abstract). Further data were 
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presented at the ICEE conference, Boston, America, 2nd to 7th August 2009. The 
full study has been submitted for publication to Physiological Measurement. 
The primary aim of the fourth study presented in Chapter Seven was to 
investigate if autonomic activity (assessed by both HRV indices and 
catecholamine concentrations) during rest, unloaded (0 Watts) and loaded (100 
Watts) cycling could be further changed by acute exposures to hypoxic 
conditions. A secondary purpose was to confirm that a long-term facilitation of 
sympathetic activation did not occur when hypoxic exposures were separated 
by a 96 hour interval. This would ensure that changes in HRV variables in the 
final study were not due to changes associated with repeated hypoxic 
exposures. Reliability calculations of HRV and catecholamine concentrations 
during each condition were also made. It was concluded that HRV indices and 
catecholamine concentrations were predominantly influenced by exercise, with 
a smaller additional effect occurring during moderate exercise in hypoxic 
conditions. There was no evidence of long term facilitation and the reliability of 
the catecholamine concentrations and time domain HRV indices can be 
confirmed, but frequency domain HRV data did not meet the stated criteria 
during exercise in hypoxic conditions. Data from this study were presented at 
the 13th International Conference of Environmental Ergonomics 2009, Boston, 
America, 2nd to 7th August 2009. The manuscript describing these data is in 
preparation for submission to the Clinical Journal of Sports Medicine 
After establishing appropriate methods and techniques to estimate autonomic 
activity in normoxia and hypoxia, Study Five presented in Chapter Eight aimed 
to extend the work of LeBlanc (1969) to human participants. This chapter 
provides data on the effect of cold habituation (by repeated short cold water-
immersions) on the responses to acute hypoxia at rest and during loaded (100 
Watt) cycling. In addition, this experiment sought to describe a possible 
mechanism for the cross-adaptation response, which focused on the habituation 
of the autonomic response. It was concluded that repeated cold-water 
immersions resulted in an habituation to immersion in cold-water and a 
reduction in the SNS autonomic and cardio-respiratory responses during 
moderate intensity exercise when acutely exposed to hypoxia. Data from this 
study were presented at The Physiological Society Conference, Manchester, 
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June 30th to 1st July 2010 and published in The Journal of Physiology 588 (18) 
3605-3613. 
 
The main conclusions of the studies and practical application of the findings are 
described in Chapter Nine, the assumptions made and limitations of the studies 
in this thesis are discussed in Chapter Ten and suggestions for further research 
are made in Chapter Eleven.  
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2. REVIEW OF LITERATURE 
A large body of research exists on the physiological changes and long term 
adaptive responses to a single environment, e.g. cold, heat or hypoxia. Despite 
most natural environments involving multiple stressors, less is known about the 
physiological adaptation to more than one environmental stressor and little is 
known about environmental ‗cross-adaptation‘.  
The review of the literature followed a structured approach recommended by 
Webster & Watson (2002), using a number of different methods to search for 
relevant, high quality, peer reviewed information. Broad search terms were used 
in a number of database search engines, including Web of Science, PubMed, 
Google Scholar, Elsevier Direct and individual journal searches, to provide a list 
of review articles and original investigations. To extend the scope of the search, 
‗forwards‘ and ‗backwards‘ searches were also performed, this included cited 
reference searches of specific authors or laboratory groups as well as 
establishing if more recent work had cited a body of research. The literature 
was reviewed for quality, content and relevance, and then grouped into thematic 
categories before being incorporated into the review. Accordingly, the literature 
review is divided into five parts. The first part provides a brief review of the 
autonomic nervous system and its components and is presented in Section 2.1. 
Separate reviews of the responses to cold and altitude are described in 
Sections 2.2 and 2.3. Then subsequently the influences of hypoxia on 
responses to the cold are discussed in Section 2.4 and finally the research 
investigating environmental cross-adaptation is reviewed in Section 2.5.  
2.1 CHARACTERISTICS OF THE AUTONOMIC NERVOUS SYSTEM 
Receptors transduce environmental energy into nervous impulses which are 
conveyed to the higher neural centres. There, the information is integrated, 
processed and ‗sent‘ to specific organs, glands and tissues which act as the 
effector organs. These activities counteract the changing environment and 
return the body to homeostasis. 
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2.1.1  COMPONENTS OF THE AUTONOMIC NERVOUS SYSTEM (ANS) 
The ANS is a complex system consisting of sensors and nerve cells (afferent 
pathways) that relay signals to a control mechanism which stimulates the 
effectors to respond to the stimulus (efferent pathway). The responses are 
governed by feedback and feedforward loops between various regions of the 
brain. The afferent fibres from sensory tissues converge in the nucleus tractus 
solitarius (NTS), located in the dorso-medial medulla (Andersen & Kunze, 1994; 
Levick, 2007). The NTS is considered to be the first central nervous system 
step in cardiovascular regulation and is also the site that afferent cardiovascular 
information first undergoes processing (Levick, 2007). The information is then 
relayed to other areas of the brain so that apposite efferent responses can be 
coordinated (Haibara et al., 1999). The neurones which extend between the 
NTS, the nucleus ambiguus and the rostral ventolateral nucleus (rVLN) of the 
medulla oblongata control cardiovascular activity. The nucleus ambiguus and 
the rVLN jointly control sympathetic and parasympathetic input to the 
cardiovascular system (Rooke & Sparks, 2003). The rVLN mediates 
sympathetic activation, and the nucleus ambiguus the parasympathetic 
stimulation (Levick, 2007). The divisions of the ANS generally act in a reciprocal 
manner, but they can function in a non-reciprocal or uncoupled fashion, this will 
be discussed in section 2.1.2. 
SYMPATHETIC COMPONENT 
The sympathetic division of the ANS is the accelerator, which generally 
performs actions requiring quick responses and augments catabolic activity. 
The sympathetic nervous system (SNS) forms two distinct pathways (Figure 
2.1). The neural branch consists of the sympathetic nerve terminals which 
impinge primarily upon the cardiovascular system. The second branch is the 
sympathetic adrenal medullary branch which is associated with the release of 
catecholamines and can target the tissues and organs of the body which 
contain adrenergic receptors.  
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A. NEURAL CONTROL  
Sympathetic or adrenergic neurones form direct pathways through a pre and 
post ganglionic neurone (left hand side of Figure 2.1) to a number of specific 
target organs (including the liver, heart lungs, kidneys and digestive tract). The 
neural branch of the sympathetic nervous system consists of preganglionic 
neurones in the thoracic and lumbar spine areas that project and secrete 
acetylcholine locally on to the postganglionic motor neurones, which in turn 





















Figure 2.1. A simplified schematic of the pathways of sympathetic response to 
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B. HORMONAL  CONTROL 
The sympathetic adrenal medullary branch (right hand side of Figure 2.1) is 
associated with the synthesis and release of catecholamines from the 
Chromaffin cells of the adrenal medulla. Chromaffin cells are found in various 
parts of the body, but they are most heavily concentrated in the adrenal medulla 
(Carmichael & Winkler, 1985). The secretion of adrenaline (epinephrine [USA]) 
from the Chromaffin cells is stimulated directly by acetylcholine released from 
pre-ganglionic fibres which innervate receptor sites on the Chromaffin cells 
(Carmichael & Winkler, 1985). Once in the blood, the catecholamines are 
accepted by adrenergic receptors, which are contained on a number of tissues 
and organs and are able to stimulate a change in the activity of the tissue or 
organ. 
ADRENERGIC RECEPTORS 
The adrenergic receptors are a class of integral membrane bound proteins that 
are specific targets for the catecholamines, noradrenaline (norepinephrine 
[USA]) and adrenaline. Many cells possess these receptors, and the binding of 
an agonist above a threshold level will generally cause a sympathetic response. 
There are two main groups of adrenergic receptors, α and β (Parkinson, 1990), 
each with several subtypes; α1, α2, β1, β2 and β3. These receptors allow 
noradrenaline and adrenaline to elicit a number of responses as the receptors 
are linked to different biochemical process (Parkinson, 1990). A tissue or organ 
can contain a number of different types of receptor, and so the response will 
depend on e for the agonist. Adrenaline and noradrenaline bind to both α- and 
β-adrenergic receptors, which resulte in a range of responses, for example 
causing smooth muscle to constrict and dilate (Robie et al., 1974). The α 
receptors are less sensitive to adrenaline (Ahlquist, 1948), but when activated, 
they override the dilatation mediated by β-adrenergic receptors. Therefore, the 
result of high concentrations of circulating catecholamines is vasoconstriction; 
at lower concentrations β-adrenergic receptor stimulation dominates producing 
vasodilatation.  
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If there were a fixed number of receptors, the concentrations of catecholamines 
would determine the response, but the quantity and sensitivity of adrenergic 
receptors can also be regulated (Parkinson, 1990). Adrenergic receptor density 
is altered by other hormones including thyroid hormones (Williams et al., 1977), 
oestrogen and progesterone (Williams & Lefkowitz, 1977; Pedersen et al., 
2004). Hence, the magnitude of the response to adrenergic stimulation will 
depend upon receptor quantity, sensitivity and hormonal status and not just the 
circulating catecholamine concentrations.  
PARASYMPATHETIC COMPONENT 
The parasympathetic division of the ANS could be considered the ‗brake‘ in the 
system, and is anabolic in nature. Unlike the SNS, the parasympathetic nervous 
system (PNS) uses neural pathways in which cholinergic neurones innervate 
target organs. The PNS secretes acetylcholine from pre-synaptic and post-
ganglionic vesicles to the target cells. Acetylcholine is rapidly degraded and 
recycled (McLaughlin et al., 2007), consequently the activity of the PNS branch 
can be difficult to monitor biochemically.  
The PNS has two subdivisions. The cranial division in the brainstem innervates 
the blood vessels of the head, neck and thoracic and abdominal organs 
(Longhurst, 2003). The sacral division innervates the smooth muscles of the 
walls of the viscera and their glands (the large intestine, liver, kidney, spleen, 
the bladder and the genitals). Parasympathetic fibres travelling in the vagus 
nerve innervate the sino-atrial and the atrio-ventricular-nodes affecting the 
cardiac frequency (fC) and tone of the atrial muscle. 
2.1.2  AUTONOMIC BALANCE  
Interaction between the SNS and PNS autonomic branches is essential to 
maintain homeostasis of all physiological systems. The classic model of 
autonomic balance suggests that the two divisions rarely operate 
independently, and generally provide a regulated interplay (dual innervation), 
acting reciprocally, which can be described as a continuum of autonomic activity 
(Backs et al., 2005). The autonomic branches may also be non-reciprocally 
coupled (stimulation of both branches is either increased or decreased) or 
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uncoupled (the branches act independently of each other, where an increase in 
one does not result in a reduction in the other) (Berntson et al., 1991; 1993). In 
general, autonomic control of physiological demands tend to be reciprocally 
coupled, whereas non-reciprocally coupled or uncoupled autonomic activity 
occurs during cognitively demanding tasks (Backs et al., 2005) and during other 
situations where autonomic conflict is present (Tipton et al., 2010). 
Reciprocal coupling can be demonstrated by the elevation in fC at the onset of 
exercise which occurs firstly by the rapid withdrawal of PNS activity (Al-Ani et 
al., 1996; Gladwell & Coote, 2002; Gladwell et al., 2005). This is followed by a 
more gradual vagal withdrawal (O'Leary & Seamans, 1993) and, as fC reaches 
approximately 100 beats.min−1, an increasing effect of cardiac sympathetic 
acceleratory activation occurs (Robinson et al., 1966; O'Leary & Seamans, 
1993; Tulppo et al., 1998). An increase in SNS stimulation can take several 
minutes to happen (Rowell & O‘Leary, 1990). As a result fC increases rapidly to 
100 beats.min-1 to 120 beats.min-1, at which point PNS withdrawal is largely 
complete (Rowell & O‘Leary, 1990), and SNS stimulation predominately 
increases fC more slowly beyond this point. 
Upon cessation of exercise or when intensity is reduced, the PNS reactivation is 
the principal determinant of the immediate fall in fC (Savin et al., 1982; Imai et 
al., 1994). This has been confirmed by studies using a variety of indices of heart 
rate variability (HRV) (Annex A), both in the time domain (the time intervals 
between successive normal complexes) and in the frequency domain (the 
distribution of the frequencies across a power spectrum) (Savin et al., 1982; 
Kannankeril & Goldberger, 2002; Goldberger et al., 2006; Kaikkonen et al., 
2007).  
2.1.3 ADAPTATION OF THE AUTONOMIC SYSTEM TO REPEATED STRESSORS 
The autonomic response to a repeated stressor can change, for example, a 
period of aerobic fitness training results in a reduction in SNS activity at rest or 
during psychological stressors, compared to measurements taken during 
participants‘ previous sedentary behaviour (Sinyor et al., 1983; Levy et al., 
1998). This may be indicated by a greater HRV, which can be linked to an 
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increase in PNS activity (Annex A). This has also been found in trained 
participants compared to sedentary controls (Sothmann et al., 1987; Sothmann 
et al., 1991; Tulppo et al., 1998), but is not a universal finding; as others report 
a similar SNS response between individuals of differing aerobic fitness levels 
(Claytor et al., 1988; Seals et al., 1994). 
The ANS response to other types of repeated stressors has also been 
investigated. Sympathetic activity (assessed by catecholamine concentrations) 
has been reported to be elevated six times above normal resting levels during 
the first exposure to centrifugation, these values fell after repeated exposures 
and were maintained within the normal resting range after six repetitions 
(Frankenhaeuser et al., 1962), which is indicative of a SNS habituation.  
Further discussion of the physiological responses and adaptation to cold and 
hypoxic environments are provided in the next two sections (Section 2.2 and 
2.3) and the research describing interaction and cross-adaptation between 
these environments can be found in Sections 2.4 and 2.5. 
2.2 PHYSIOLOGICAL RESPONSES AND ADAPTATION TO COLD 
ENVIRONMENTS 
Physiological responses to cold environments are influenced by the exposure 
length, the medium of cold exposure (air versus water), and the number of prior 
exposures. This section focuses upon the process of thermoreception, 
coordination of the response and habituation of the response or adaptation to 
cold exposure. 
2.2.1 MEDIUM OF COLD EXPOSURE 
The medium of cold exposure can affect the physiological responses to cold. 
For example when similarly clad, immersion in cold water (5 °C to 20 °C) 
provides a greater response than exposure to the equivalent air temperature. 
This is primarily due to the differing physical properties of air and water: the 
thermal conductivity, density and specific heat capacity (Table 2.1). Water will 
accept heat energy more readily and at a greater rate than air of the same 
temperature. Cold water rapidly cools the skin, clamping it close to water 
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temperature, consequently increasing the temperature gradient between the 
deep body tissues and the periphery, which results in rapid deep body cooling. 
In cold air, the skin temperature does not fall at the same rate or to the same 
extent, therefore maintaining a smaller temperature gradient between the deep 
body tissues and the periphery, resulting in much slower rates of deep body 
cooling. Therefore, immersion in cold water results in a greater physiological 
strain than exposure to air of the same temperature. 
Table 2.1 The physical properties of air and water at 37 °C (Taylor et al., 2008) 




Specific heat capacity 
(J.g-1.K-1) 
     1.007        4.179 
Density (g.cm-3)       0.001        0.992 
 
The remainder of this section (Section 2.2) will focus on the cold detection 
mechanism and the initial responses to immersion in cold-water. In addition 
descriptions of the processes of habituation and adaptation are included. 
2.2.2 THERMORECEPTION OF COLD STIMULI 
Human sensory systems are capable of detecting changes in ambient 
temperature, due to the thermosensory neurones. The peripheral cold afferent 
nerve endings are found between the dermis and epidermis at a depth of 
approximately 150 µm from the surface of the skin (Adair, 1999) and are thin 
myelinated Aδ fibres which have a rapid conduction velocity (between 10 m.s-1 
to 30 m.s-1) (Gasser & Grundfest, 1939; Pierau, 1996). Recently it has been 
established the ‗cold receptors‘ are temperature-sensitive members of the 
transient receptor potential ion channel family (McKemy et al., 2002). These 
specialised thermal receptors are embedded in the terminals of afferent fibres. 
A number of temperature specific channels exist and respond to different 
temperature ranges, from painfully hot through to noxious cold (Patapoutian et 
al., 2003; McKemy, 2007). For instance, sensations of cold are mediated by the 
transient receptor potential melastatin 8 (TRPM8) which is excited by 
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temperatures in the range of 8 °C to 28 °C (McKemy et al., 2002; Jordt et al., 
2003) with the size of the evoked response being inversely proportional to 
temperature (McKemy et al., 2002). Cutaneous thermal receptors produce a 
dynamic response when temperature is changed, for example during sudden 
immersion in cold-water, and a gradual decay as the overshoot subsides,  
additionally when held at a stable temperature they produce a constant, static 
discharge (Brown & Brengelmann, 1970) such as that experienced during 
prolonged moderately cool air exposures.  
The TRPM8 ion channels may also be involved in noiception (Bautista et al., 
2007), which is stimulated by extremes of temperature, providing the perception 
of pain.  Further work in this area is ongoing, however, at present it is unclear if 
TRPM8 is the sole transducer of innocuous and painfully cold stimuli as other 
transient receptor potential ion channels may be stimulated at colder 
temperatures (Jordt et al., 2003; Patapoutian et al., 2003). At present, the 
literature infers this reception mechanism from in vitro preparations or knockout1 
rodents, as the investigation of these pathways is currently difficult in humans.  
Apart from the skin, other sites within the body are capable of temperature 
detection, these include the abdominal viscera, spinal cord and lower parts of 
the brainstem (Boulant et al., 1989). The origins of input to the regulator when 
these areas are cooled is poorly understood. Some of the effects may result 
from modulation of synapses rather than stimulation of specific thermodetectors 
per se. In addition, input from these detectors is not rate sensitive but is a direct 
indication of the absolute temperature (Crawshaw et al., 2007). 
2.2.3 AFFERENT NEURAXIS CENTRAL COORDINATION AND EFFERENT OUTPUT 
RESULTING FROM COLD STIMULI 
It is believed that impulses from the thermoreceptors in the skin and deep body 
tissues are relayed through the trigeminal dorsal horn to the preoptic area 
(POA) of the hypothalamus (Romanovsky, 2007). The pathway for this 
somatosenory signalling has not been fully elucidated, but it is believed to differ 
from the spinothalaocortical pathway which provides discrimination of thermal 
                                            
1
 A knockout rodent is a genetically engineered mouse in which one or more genes have been 
turned off through a targeted mutation. 
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sensations (Craig, 2002), and may involve the lateral parabracial nucleus (LPN)  
which projects signals on to the POA (Nakamura & Morrison, 2008). 
The POA integrates the afferent thermal impulses in addition to other 
somatosensory signals. The LPN also receives afferent information through the 
NTS (Saper, 2002). Neurones project from the NTS to the nucleus ambiguus, 
the source of PNS activity. This suggests that the LPN - POA pathway might 
have a role in transmitting a broad array of visceral information (for example 
blood pressure, pH, Pao2, Paco2 and temperature) to the POA. The NTS-LPN-
POA region relays and controls many homeostatic processes including energy 
expenditure, osmolarity, cardiovascular tone as well as body temperature 
(Morrison, 2004; Nakamura & Morrison, 2007). This area may evoke efferent 
potentials to a number of responses: behavioural, autonomic, somatic and 
hormonal that will counteract the effects of the environmental stimuli. It may 
also be that the cold efferent relay also projects from the NTS to the nucleus 
ambiguus, thereby increasing PNS activity and thus providing a potential neural 
pathway forming a cross-adaptation between cold habituation and exposure to 
a novel hypoxic environment.  
2.2.4  INITIAL RESPONSES TO IMMERSION IN COLD-WATER  
CARDIO-RESPIRATORY RESPONSES TO IMMERSION IN COLD WATER 
Immersion in cold water (between 5 °C to 15 °C) results in the sudden and rapid 
cooling of the skin (Keatinge & Nadel, 1965) this is detected by the cutaneous 
cold  thermoreceptors (Hensel, 1973; Adair, 1999), which initiates a reflex gasp, 
followed by a four-fold increase in respiratory frequency, peripheral 
vasoconstriction (Keatinge et al., 1964; Keatinge & Nadel, 1965; Golden & 
Tipton, 1988; Tipton, 1989; Tipton et al., 1991) and tachycardia (Hayward & 
Eckerson, 1984; Tipton et al., 1991).  These responses are collectively termed 
the ‗cold shock response‘ (Tipton, 1989). These physiological responses to 
cold-water immersion are most apparent within the first 30 s and 60 s of 
immersion, and last for approximately three minutes, gradually reducing in 
magnitude as the superficial cold receptors adapt to the water temperature 
(Martin et al., 1978).  
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AUTONOMIC RESPONSE TO IMMERSION IN COLD WATER 
Upon whole body, head-out immersion in cold-water elevated plasma 
noradrenaline concentrations have been found in human participants (Arnett & 
Watts, 1960; Wennmalm, 1973; Wilkerson et al., 1974; Johnson et al., 1977; 
Weiβ et al., 1988; Jansky et al., 1996; Sramek et al., 2000). The rapid increase 
in catecholamine concentrations are stimulated by sudden exposure to the cold, 
in particular cold-water immersion (Wilkerson et al., 1974), and precede a 
reduction in deep body temperature (Johnson et al., 1977; Stocks et al., 2004). 
Elevated catecholamine concentrations have also been found during cold 
pressor tests (LeBlanc et al., 1979; Hiramatsu et al., 1984; Hull et al., 1984; Roy 
et al., 1987). In contrast, others (Manager et al., 1959; Keatinge et al., 1964) 
have reported that neither a cold pressor test nor a two minute ice-cold shower 
significantly increased circulating catecholamine concentrations. The 
inconsistency of early analytical techniques for quantifying catecholamines has 
been suggested to have contributed to the variation in the findings (Tipton, 
1989).  
Previous investigations have reported HRV indices during thermoneutral water 
immersions. Immersion in thermoneutral water may increase the HF power, 
indicating an increase in PNS activity (Schipke & Pelzer, 2001). Other 
investigations suggest that a negligible change in HF power occurs when 
immersed in thermoneutral water compared to sitting in warm ambient 
conditions (Perini et al., 1998; Kataoka & Yoshida, 2005). Conversely, initial 
exposure to cold-air reduced HF power from ambient resting values 
(Westerlund et al., 2006), which may indicate a reduction in PNS activity upon 
initial exposure. Moreover, the response of HRV indices when the whole body is 
immersed in cold-water has not been investigated, and warrants further study. 
CELLULAR RESPONSES TO COLD EXPOSURE  
There is relatively little known about the cellular and molecular responses to 
cold exposure, it may be that the responses are equivalent to those reported 
during heat stress (Van Breukelen & Martin, 2002; Al-Fageeh & Smales, 2006). 
Although the function of the cold shock proteins (cold-induced RNA binding 
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protein, CIRP and RNA binding motif protein 3, Rbm3) have not be fully 
described, it is believed that they modulate transcription and translation and 
may prevent mRNA degradation, thus increasing protein synthesis during cold 
exposure (Wright et al., 2001; Dresios et al., 2005). The two cold shock proteins 
have been reported to respond to both cold and hypoxia (Wellmann et al., 
2004). This cellular response may perform a protective role when exposed to 
hypoxia and ischaemia, as cold exposure can reduce metabolic activity, prevent 
cellular apoptosis, and reduce the production of reactive oxygen species (Auer, 
2001; Polderman, 2008; Tanaka et al., 2010).  
Cold exposure can cause cellular damage by denaturing and dissociating 
proteins, which also results in the induction of heat shock proteins (HSP) to 
refold denatured proteins. The HSP response may occur with a relative 
increase in temperature following cold exposure, but without rewarming there is 
no induction of the HSP (Fujita, 1999). Therefore, short repeated cold 
exposures may result in a molecular response due to the repeated re-warming 
effect after cold exposure. At present, the mechanisms for induction of HSP, 
CIRP and Rbm3 during or after cold exposure are speculative and require 
further investigation, both in vitro and in vivo.  
2.2.5  HABITUATION TO SHORT REPEATED COLD-WATER IMMERSIONS  
Repeated exposures to cold-water can attenuate the cold shock response 
(Keatinge & Evans, 1961; Golden & Tipton, 1988), and the mechanism for this 
adaptation is believed to be central in origin (Glaser & Griffin, 1961; Glaser & 
Griffin, 1962; Tipton et al., 1998a). Repeated static immersions or whole body 
showering in cold-water (4 °C to 10 °C) reduces the respiratory frequency (fR), 
fC and oxygen uptake (V O2) responses upon initial cold exposure (Golden & 
Tipton, 1988; Budd et al., 1993b; Eglin & Tipton, 2005). The afferent input from 
the cold receptors is likely to be similar between cold-water immersions as 
previous research suggests that the dynamic discharge of cold thermoreceptors 
was unchanged after cats were exposed to 5 °C for two months compared to a 
control group living at 35 °C (Hensel & Banet, 1978). Thus it may be the central 
co-ordination of thermal information that changes and alters the efferent 
response to cold water immersions, once habituated (Tipton et al., 1998b). 
CHAPTER 2. LITERATURE REVIEW 
21 
 
Hence, habituation to cold-water immersion may change the autonomic 
balance, reducing SNS stimulation and increasing PNS activity. Consequently, 
the respiratory and cardiovascular responses to repeated cold-water 
immersions may be attenuated due to these changes in autonomic balance. 
The evidence of an habituation of the SNS response can be found from 
research investigating the catecholamine concentrations to repeated cold 
exposures. Reductions in adrenaline concentrations with repeated cold-water 
and very cold-air have been observed in animals (LeBlanc et al., 1971; 
Therminarias et al., 1979). In humans the response to repeated cold-water 
immersions suggests that either there is a reduction in noradrenaline response 
(Jansky et al., 1996), or that both adrenaline and noradrenaline concentrations 
decline (Huttunen et al., 2001). Another research group (Leppaluoto et al., 
2001) also showed that reductions in noradrenaline concentrations occur with 
repeated cold-air exposures. The differences in the catecholamine results 
presented may be due to the analytical techniques used to quantify the 
catecholamines. The consensus from these data are that there is a reduction in 
circulating catecholamine concentrations (SNS response) with repeated cold-
water and cold-air exposures. 
As well as a reduction in circulating catecholamine concentrations, the 
sensitivity of the adrenergic receptors may be reduced by repeated immersion 
in cold water. Infusion of known catecholamine concentrations resulted in a 
three-fold increase in metabolic activity during a cold air test (2 hours at -20 °C) 
in a group of rodents that were exposed to constant moderate cold-air (6 °C for 
two months) compared another group of rodents who were exposed 
intermittently to cold-air (18, 10-minute exposures at -20 °C) (LeBlanc et al., 
1967). In contrast, cold-water swimmers had a greater metabolic response than 
the control group when adrenaline was infused (Lesna et al., 1999). Therefore, 
evidence of a reduction in adrenergic sensitivity when repeatedly exposed to 
cold conditions has been found in rodents, but not in humans. 
Repeated short exposures to cold-air results in an increase in HRV indices 
which may be indicative of elevated PNS function (elevated HF power) 
(Westerlund et al., 2006). Therefore, it is possible that habituation to cold-water 
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immersions may alter the autonomic balance (increasing PNS activity and 
reducing SNS stimulation). This hypothesis has not been tested and will be 
investigated in this programme of study (Chapter Eight). Although HRV has 
previously been investigated during water immersion and submersions (Perini 
et al., 1998; Schipke & Pelzer, 2001), these studies examined HRV during 
thermoneutral water immersion. There were no differences in HRV during 
immersion in thermoneutral water than sitting thermoneutral air.   
After repeated immersions in cold-water, it may be that part of the habituation is 
psychological, as the immersion is known to be survivable, this will further 
attenuate the SNS activity and reduce the physiological strain on the 
cardiovascular and respiratory systems (LeBlanc, 1992). Further support for the 
idea that a psychological component can influence physiology in this context 
was found from studies undertaken in our laboratory (Barwood et al., 2006; 
Barwood et al., 2007). Psychological skills training was shown to improve 
breath-hold time during cold-water immersion (Barwood et al., 2006) to a similar 
level to that seen when habituated to the cold (Barwood et al., 2007). Therefore, 
psychological influences can affect the physiological responses to cold-water 
immersion and should be considered.  
2.2.6 ADAPTIVE RESPONSES TO COLD EXPOSURE 
Few experiments have investigated continuous cold exposure in humans 
(Scholander et al., 1958a; Bruck et al., 1976). Practical difficulties and ethical 
considerations have restricted prolonged cold exposure studies to rodents, the 
study of native populations who have adapted to cold environments (Goldby et 
al., 1938; Stanton-Hicks & O'Connor, 1938a; Stanton-Hicks & O'Connor, 1938b; 
Hart et al., 1962; Rennie et al., 1962; LeBlanc et al., 1964),  military populations 
or others on expeditions (LeBlanc, 1956; Launay & Savourey, 2009). Hammel 
(1964) theorised that there were three possible adaptive responses to long-term 
cold exposure; hypothermic, insulative and metabolic; each of these will be 
described briefly.  
In humans, a hypothermic adaptation is a commonly reported response to 
prolonged cold exposure, and is characterised by a fall in deep body 
temperature, maintenance of thermal comfort, without an increase in metabolic 
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heat production (shivering) (LeBlanc, 1956; Scholander et al., 1958a; Hammel 
et al., 1959; Rennie et al., 1962). This hypothermic response can be explained 
by a reduction in the threshold body temperature at which shivering occurs 
(Bruck et al., 1976; Rees et al., 2002). Further reductions in body temperature 
below this new lower threshold still elicit the same intensity of metabolic 
response which occurred prior to the development of this response (Rees et al., 
2002).  
Insulative adaptations can develop in humans and may be mediated by 
physiological (reduced skin blood flow) (Wakabayashi et al., 2009), 
morphological (increased subcutaneous fat) and behavioural (clothing, shelter, 
heating) changes. The reduced skin temperature upon cold exposure results in 
an immediate cutaneous vasoconstrictor response, reducing the blood flow to 
the periphery (Brown & Page, 1952). This reduces heat loss to the environment 
at the superficial level, whilst deep body temperature is maintained during the 
cold stressor without the need to increase metabolic heat production (Skreslet & 
Aarefjord, 1968; Park & Hong, 1991). This type of adaptation has been 
observed in Australian Aboriginals living a traditional lifestyle (Goldby et al., 
1938; Stanton-Hicks & O'Connor, 1938a; Stanton-Hicks & O'Connor, 1938b; 
Rennie et al., 1962) and Korean diving women (Rennie et al., 1962; Park & 
Hong, 1991).  
Metabolic activity can be increased during cold exposure by involuntary 
asynchronous skeletal muscle twitching, with a maximal shivering response 
increasing V O2 by up to six times the resting rate (LeBlanc, 1956; Scholander et 
al., 1958b; Iampietro et al., 1960; Glickman et al., 1967). In contrast to a cold 
habituation response, catecholamine concentrations are increased by the 
process of cold acclimatisation (LeBlanc & Nadeau, 1961; LeDuc, 1961). A 
group of cold acclimatised rats and a group infused with noradrenaline for the 
same period had between a two and three fold increase in V O2  compared to a 
control group  (LeBlanc & Pouliot, 1964). In humans, metabolic activity was 
increased in response to a catecholamine infusion after adaptation to long-term 
moderately cold environments compared with the same infusion prior to the cold 
exposure (Joy, 1963; Budd et al., 1993a). Consequently, long-term cold 
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exposure can increase metabolic activity in order to defend deep body 
temperature, this increased metabolic activity may be due to elevated 
catecholamine concentrations and an increased sensitivity of the adrenergic 
receptors to circulating catecholamine concentrations.  
Long-term constant moderate cold exposures result in specific adaptations, 
whereas repeated, short cold exposures appear to habituate the initial 
responses to cold exposure. LeBlanc (1967) found that rodents maintained in a 
constant moderately cold environment (air temperature maintained at 6 °C for 2 
months) had the smallest fall in colon temperature during a cold-air test (2 hours 
at -20 °C), and a control group, that were maintained in at ambient temperature 
of 23 °C, had the largest fall in deep body temperature. In addition, despite a 
cumulative total of only three hours of cold exposure, the colon temperature of 
rodents in the group exposed intermittently to the cold (18, 10 minute exposures 
at -20 °C) was intermediate to that of the cold adapted and control groups 
(LeBlanc, 1967). Therefore, the response to short repeated cold exposures is 
likely to be a general autonomic habituation rather than the specific adaptations 
that were described for prolonged cold exposure. 
A recent study from our laboratory indicated that repeated short (five x five 
minute) cold-water immersions had no effect on the metabolic response to 
longer cold-water immersions (up to 90 minutes) (Wakabayashi et al., 2010). 
Although, an habituation of the cardio-respiratory responses was evident with 
repeated immersions, these short exposures were not an adequate stimulus to 
affect the metabolic response to more prolonged cold exposure. A similar study 
was performed using a small number of participants (n=3) who were repeatedly 
immersed in cold-water (9 x 20 minutes to 30 minutes at 15 °C) and a control 
group who did not undertake the intervention (n=8) (Radomski & Boutelier, 
1982). During a subsequent sojourn in the arctic, the urine catecholamine 
concentrations were reduced in the group who undertook the repeated cold-
water immersions compared to the control group. Although the use of urine 
catecholamine concentrations does not represent the concentrations circulating 
in the blood plasma (Annex B), the reduction suggests that the repeated cold-
water immersions habituated the SNS response to the cold-air challenge. 
Nevertheless, it can be difficult to isolate such an effect during a sojourn 
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compared to laboratory testing, because of the many cofactors which may also 
have an influence. Thus habituating the SNS response rather than providing a 
specific adaptation to the cold environment. Other studies in which humans 
underwent repeated cold-water immersions (30 minutes to 90 minutes) prior to 
a cold-air test developed a hypothermic response (Young et al., 1986; Young et 
al., 1987; Budd et al., 1993b). This suggests that intermittent cold-water 
exposures can stimulate the development of adaptive characteristics also 
observed during more long-term cold exposures. The studies where an adaptive 
response was found used longer immersion times that would cause a reduction 
in deep body temperature (Young et al., 1986; Budd et al., 1993a). Conversely, 
the short immersions (5 minutes to 30 minutes) used in the studies of 
Wakabayashi et al (2010) and Radomski & Boutelier (1982) would not result in 
significant deep body cooling, and consequently would not provide an adequate 
stimulus (a fall in deep body temperature) to develop an adaptive response. 
Therefore, where repeated exposures result in a reduction in deep body 
temperature specific adaptive effects can occur, and where the immersions are 
short and do not result in significant whole body cooling, an autonomic 
habituation to the initial responses is evident. 
2.3 PHYSIOLOGICAL RESPONSES AND ADAPTATION TO HYPOXIC 
ENVIRONMENTS 
When ascending to altitude the fractional concentration of oxygen in the air (FIo2  
0.2093 to 0.2095) and the saturated vapour pressure of water at body 
temperature (6.3 kPa) remain constant. Barometric pressure (PB) declines as 
the weight of the air column over the point of measurement falls, as a corollary 
the partial pressure of oxygen (Po2) is reduced. Consequently, the oxygen 
partial pressure in the alveoli (PAo2) and arteries (Pao2) will decline resulting in 
hypoxaemia. Hypoxaemia refers to abnormally low arterial oxygen content 
(Cao2) or oxygen saturation (Sao2) and is often associated with hypoxia, which is 
defined as a low or inadequate oxygen supply for cellular metabolism (Des 
Jardins, 2008).  
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In healthy individuals‘, the main cause of hypoxia is hypobaric hypoxia1, from 
exposure to low oxygen environments at sea level or on ascent to altitude (Des 
Jardins, 2008), the other types are pathophysiological and can occur in 
normobaric normoxia2. For the purposes of this thesis, the term hypoxia will be 
used in the context of an environment with a decreased oxygen content either 
resulting from hypobaric hypoxia (breathing air at a reduced barometric 
pressure) or normobaric hypoxia (breathing a low oxygen gas mixture at sea 
level). Interestingly, exposure to equivalent normobaric hypoxic and hypobaric 
hypoxic conditions does not produce the same magnitude of physiological 
response, the lower PB at altitude or in a hypobaric chamber augments the 
physiological responses resulting in a greater blood alkalosis, a reduction in 
Sao2  and an increased fC compared to normobaric hypoxia (Savourey et al., 
2003). Further information on this topic can be found in Chapter Ten. 
The remainder of this section describes the physiological challenges to human 
physiology, which occur during hypoxic exposures or at altitude.  
2.3.1 OXYGEN TRANSPORT 
The transport of Oxygen (O2) to the tissues and organs can be compromised in 
hypoxic environments as the Po2 falls at every stage of the O2 cascade (Figure 
2.2), from ambient air through to mixed venous blood (which approximates the 
mean tissue Po2) (Pugh, 1964).  
At 5800 m, the Po2 of the ambient air is half that of sea level (approximately 10 
kPa difference, see A and B in Figure 2.2), whereas the difference in Po2 of 
mixed venous blood in hypoxic and normoxic conditions is approximately 2 kPa 
(see C and D in Figure 2.2). It is the physiological responses to hypoxic 
conditions which minimises the difference in Po2. 
 
                                            
1
 Hyobaric hypoxia is an inadequate supply of oxygen at the tissue cells caused by a low Pao2 
and is caused by high altitude, hypoventilation and diffusion defects such as interstial fibrosis 
and pulmonary oedma. 
2
 Sea level, normal barometric pressure (~760 mmHg) with FIO2 0.2093 – 0.2095. 




Figure 2.2. Oxygen cascade from ambient air to mixed venous blood at sea 
level and at an altitude of 5800 m. Modified from Pugh (1964). 
The fall in Po2 of arterial blood during exposure to hypoxic conditions is 
detected by chemoreceptors. The chemoreceptors are part of the sensory 
feedback loop which enables the brain to coordinate appropriate physiological 
responses to deal with a hypoxic perturbation. The following sections will 
discuss chemoreception, the coordination of these inputs and the physiological 
responses which occur when exposed to acute hypoxia.   
2.3.2 CHEMORECEPTION 
Exposure to hypoxia evokes an increase in SNS outflow through two distinct 
mechanisms: firstly, by the stimulation of peripheral chemoreceptors and 
secondly by activation of oxygen sensitive cells in the brain (central 
chemoreceptors) (Guyenet, 2000). 
CENTRAL CHEMORECEPTORS 
Little is known about central chemoreception other than there are multiple 
chemosensitive sites within the brain (Coates et al., 1993) and these areas are 
sensitive to changes in the pH of the cerebro-spinal fluid (Cherniack, 1993). An 
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stimulate central chemoreceptors per se as hydrogen ions cannot be 
transported across the blood-brain barrier. Carbon dioxide will diffuse across, 
which reduces the pH of the cerebro-spinal fluid and the cerebro-spinal fluid will 
have a comparable pH to that of plasma.  
As the central chemoreceptors are stimulated by changes in pH and not O2 or 
CO2 tension, central chemoreception is a slower process, and not the main 
source of sensory information for detection of acute hypoxaemia. Due to the 
location and direct stimulation by changes in Po2 and Pco2 the peripheral 
chemoreceptors provide the main source of hypoxic sensory feedback and are 
the first line of defence against hypoxia (Lahiri & Chernick, 2001). 
PERIPHERAL CHEMORECEPTORS 
Peripheral chemoreceptors are critical for ventilatory acclimatisation to altitude. 
They also contribute, in part, to exercise-induced hyperventilation, particularly 
during high intensity exercise. These chemoreceptors are located primarily in 
two regions: the carotid (bi-furcation of the common carotid artery) and aortic 
bodies. Carotid chemoreceptor activity is increased by hypoxia more readily 
than the aortic chemoreceptor (Lahiri et al., 1981). 
The receptors are composed of glomus tissue which is well perfused with blood, 
has a high capillary density and metabolic rate which can be up to four times 
greater than the brain (Longhurst, 2003) and thus is sensitive to changes in 
arterial blood gas tension (Longhurst, 2003; West, 2005), hypercapnia, acidosis 
and hyperkalaemia (Kumar & Bin-Jaliah, 2007). The glomus tissue consists of 
two cell types: type 1 (glomus) and type 2 (satellite, sustentacular or supporting) 
cells. The type 1 cells which account for more than 75 % of the cells in the 
glomus tissue, are secretory and contain catecholamines, these are heavily 
innervated by sensory nerves (Longhurst, 2003). It is believed that type 1 cells 
are initially stimulated and release catecholamines from the vesicles and the 
type 2 cells support the function of type 1 cells, but their true function is not 
known (Prabhakar, 2000). 
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2.3.3 AFFERENT CHEMORECEPTOR NEURAXIS AND CENTRAL COORDINATION 
The afferent chemoreception pathways convey the chemoafferent information to 
the respiratory and cardiovascular foci, which are situated in the central nervous 
system. The role of these foci are to integrate and process the chemoafferent 
impulses as well as to mediate the efferent neural responses. 
The afferent neuraxis, the neural inputs from carotid and aortic bodies, take 
separate pathways. When stimulated, inputs from the glomus cells of the carotid 
chemoreceptors result in action potentials down the sinus nerve, a branch of the 
glossopharyngeal (IX cranial) nerve. Innervation of the aortic body ascends 
through the aortic depressor nerve, a branch of the vagus (X cranial) nerve. The 
unmyelinated afferents from the chemoreceptors project into the NTS, where 
they excite inspiratory neurones in the rVLN  and converge with baroreceptor 
inputs (Dampney, 1994). Afferents also project from the NTS to the nucleus 
ambiguus within the medulla oblongata and is the origin of the motor fibres for 
the vagus nerve (Spyer, 1981). It has been suggested that the configuration 
within the medulla oblongata involves a common pool of cardio-respiratory 
interneurones which control the cardio-vagal, respiratory and pre-sympathetic 
motor-neurones (Richter & Spyer, 1990). Consequently, it is possible that 
multiple pathways exist by which the peripheral chemoreceptor inputs can 
influence the respiratory and cardiovascular control centres (Marshall, 1994). 
2.3.4 EFFERENT EFFECTORS: PHYSIOLOGICAL RESPONSES TO ACUTE HYPOXIA  
Efferent neural innervation and propagation results in a number of responses to 
hypoxia which start to occur within the first 30 seconds of exposure (Johnson et 
al., 2009). These initial responses (Figure 2.3) to acute exposure are primarily 
autonomic and result in cardiovascular and respiratory changes, these 
responses will be the focus of this section.  
AUTONOMIC RESPONSE TO ACUTE HYPOXIA 
Hypoxia activates the SNS nervous system as shown by increased 
symapathetic nerve activity (Xie et al., 2001; Hansen & Sander, 2003), 
increases in concentrations of urine and plasma catecholamines (Escourrou et 
al., 1984; Mazzeo et al., 1991; Calbet, 2003) and reduced HF HRV (Yamamoto 
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et al., 1996). Hypoxic stimulation of the carotid chemoreceptors produces reflex 
increases in SNS outflow to the heart, renal, splanchnic and skeletal muscle 
vascular beds (Marshall, 1994), thus promoting a sympatho-excitory effect. 
Hopkins (2003) found a similar increase in fC during exercise in hypoxia. In 
addition, this study systematically inhibited PNS (muscarinic) and β-
adrenergeric receptors, yet fC was still elevated in response to acute hypoxia. 
They suggest several possible mechanisms for this elevated fC inspite of both 
partial sympathetic and parasympathetic blockade. The first being that when the 
cardiac β-adrenergic receptors are blocked, hypoxia elevates the fC as a result 
of increased PNS withdrawal, whereas when the muscarinic receptors are 
blocked, the β-receptors are stimulated, thus increasing fC and cardiac output 
(Q ). They also hypothesised that α adrenergic receptors may elevate fC and  
Q  during hypoxic exercise when alternative pathways are blocked. This would 
suggest redundancy in the autonomic nervous system, which has not previously 
been investigated in humans, but has been described in anaesthetised dogs 
(Krasney, 1967).  
Figure 2.3. The major effects of acute hypoxia on the heart and lungs, dotted 
line indicates an inhibitory effect, modified from Bärtsch and Gibbs (2007). 
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According to Smith and Muenter (2000), the magnitude of the SNS response to 
acute hypoxia primarily depends on three factors: the duration and severity of 
the hypoxic exposure, ventilatory changes and the Pco2. Each of these factors 
will be discussed briefly in this section. However, in conscious humans it is 
difficult to separate the influences of these factors as they are tightly coupled. 
RESPONSE OF HEART RATE VARIABILITY TO ACUTE HYPOXIA  
Studies using HRV indices (see Annex A for more information) to estimate 
autonomic activity have reported inconsistent results during hypoxic exposures. 
The HRV responses to hypoxia have previously been investigated, and several 
studies suggest that compared to normoxia, an acute hypoxic/altitude exposure 
reduces the HF power component at rest (Zuzewicz et al., 1999; Bernardi et al., 
2001; Kanai et al., 2001; Buchheit et al., 2004). Previous research also 
suggests a further reduction in HF power during exercise in hypoxic conditions 
compared to the same exercise in a normoxic environment (Zupet et al., 2009), 
but this finding has not been reported by all (Buchheit et al., 2004). In contrast, 
during exercise in hypoxic conditions only one research group (Yamamoto et 
al., 1996) reported the occurrence of elevated HRV indices linked to increased 
SNS activity (Low LF:HF ratio) and a decrease in HRV components linked to 
PNS activity (HF power). The length of the exposure, the level of hypoxia and 
the type and length of HRV analysis may all have been the cause of the 
differing outcomes from these studies. In addition, some of the differences 
which occurred here may be due to the intensity of the exercise component. 
Buchheit and colleagues (2004) identified changes in HRV as a consequence of 
the exercise intensity utilised, but found no additional effect of hypoxia during 
the exercise. The exercise component used in this study may have been of 
sufficient intensity to minimise HRV. Consequently, the effect of exposure to 
hypoxia would not be detected by this measurement method alone. In contrast, 
Zupet et al (2009) established that altitude and exercise exert separate effects 
on HRV. As a result, hypoxia and exercise may exert separate influences on 
HRV although this is currently unclear and will be investigated in this 
programme of research (Chapter Seven). 
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RESPONSE OF CATECHOLAMINE CONCENTRATIONS TO ACUTE HYPOXIA 
Indirect measurements of human autonomic function can also be made from 
concentrations of catecholamines in venous and arterial plasma, or from urine 
samples (Annex B). During acute hypoxic exposures, elevated catecholamine 
concentrations have been found indicating an increase in SNS activity during 
acute hypoxia at rest (Hale et al., 1973; Hoon et al., 1976; Mazzeo et al., 1991) 
and exercise exposures (Escourrou et al., 1984; Hopkins et al., 2003). In 
contrast, there was no change in catecholamine concentrations in a group of 
sea-level dwellers  (Young et al., 1992) or a highland population (Favier et al., 
1996) when taken to altitude. Others have also observed a decline in the 
catecholamine response to hypoxia (Goldring et al., 1962; Richardson et al., 
1967; Bubb et al., 1983; Rowell & Blackmon, 1986). 
During exercise in acute hypoxia or upon arrival at altitude, noradrenaline 
concentrations were either no different to sea level exercising values (Mazzeo 
et al., 1991) or increased (Escourrou et al., 1984; Seals et al., 1988). In 
contrast, increased adrenaline concentrations were reported during exercise at 
altitude (Escourrou et al., 1984; Mazzeo et al., 1991). Despite the differences in 
the literature there does appear to be a SNS activation during exposure to 
hypoxia or altitude, but the response of the individual catecholamines is not 
consistent between studies. 
These inconsistencies may be a consequence of the different methods of 
exposure to hypoxia (field-based experiments performed at altitude, normobaric 
hypoxic and hypobaric hypoxic laboratories). Different levels and durations of 
the hypoxic stimulus were applied (altitude equivalent of 3600 m for a minimum 
of three years to 8800 m for 1 day), and the type of sample, the timing of 
sample collection and the analytical technique used to quantify the 
catecholamines (Annex B) which may all contribute to the varied findings in the 
studies described. In addition, the reported decreases in catecholamine 
concentrations with increasing altitude may be explained by the lower O2 
concentration at every stage of the O2 cascade. Oxygen is a substrate for 
tyrosine hydroxylase which may be a rate limiting step in the metabolic pathway 
of catecholamine synthesis (Nagatsu et al., 1964). In hypoxia, the reduced 
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supply of O2 results in a reduction in the synthesis of catecholamines, but is 
thought to be transient, and after three days of exposure to altitude, tyrosine 
hydroxylase activity appears to be increased (Henley & Bellush, 1995). Another 
explanation for the reduction in catecholamine concentrations during prolonged 
hypoxic exposure may be related to increased rates of clearance and 
catabolism which has been found to occur at altitude (Rowell et al., 1989; 
Leuenberger et al., 1991).  
Despite the sympatho-excitory effects that are generally apparent during 
exposure to hypoxia, the quantification of ANS activity by commonly used 
methods of determining autonomic modulation (catecholamine responses and 
HRV calculation) has provided a mixed response. Again, equivocal findings may 
be the result of different protocols, the lack of a sufficient hypoxic stimulus 
(Somers et al., 1989b) exercise intensity and the type of hypoxic exposure 
utilised. In addition, research at high altitude can be complicated; participants 
are exposed to the weather, cold temperatures, high winds, radiation, altitude 
sickness, hypoglycaemia, dehydration, isolation and emotional challenges (i.e. 
excitement, expectation) which may modify the physiological responses to 
altitude (Hoon et al., 1976; Rostrup, 1998). The change in lifestyle and lack of 
sleep are other factors that may play a part. Hence, the autonomic response 
during a stay at altitude may not solely be as a result of hypoxia per se. 
Exposure to normobaric hypoxia/hypobaric hypoxia in a laboratory allows 
manipulation of the hypoxic stress without the added co-factors described. The 
laboratory-based experiments discussed also used varied conditions, these 
included different durations and levels of hypoxic exposure (Hoon et al., 1976; 
Somers et al., 1988; Somers et al., 1989a, b), use of mask breathing  
(Leuenberger et al., 1991) rather than a controlled hypoxic chamber (Bouissou 
et al., 1986), small subject numbers (Clancy et al., 1975) and different modes 
and intensities of exercise. All of these factors may explain the divergent 
findings of autonomic responses to hypoxic exposures.  
In non-acclimatised subjects, exposure to altitudes above 2000 m to 2500 m 
may lead to acute mountain sickness (AMS). The most frequent symptoms are 
headache, nausea, vomiting, insomnia, changes to feeding habits, fatigue, 
lethargy and dizziness (Hackett & Roach, 2001). The incidence of AMS varies 
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between 15 % and 75 %, depending on the definitions of the illness, the speed 
of ascent, the altitude reached, and the individual susceptibility (Dumont et al., 
2000). Although elevated  plasma catecholamine concentrations are found with 
increases in altitude, participants who develop symptoms of AMS have 
significantly higher arterial plasma catecholamine concentrations than those 
who do not present with symptoms of AMS (Hoon et al., 1976; Kamimori et al., 
2009). The support for a role of SNS activation in the development of AMS 
comes from the research by Fulco and colleagues (1989), who showed that 
participants infused with a β-adrenergic blocker had less severe AMS than 
those taking a placebo. More complete adrenergic blockade may result in 
greater decreases in AMS symptom severity. If this hypothesis is correct, SNS 
activation has a role in the development of AMS (Imray et al., 2010). Therefore, 
if the adrenergic response can be blocked or reduced this may result in a 
reduction in the number and severity of AMS symptoms. 
VENTILATORY RESPONSE TO ACUTE HYPOXIA 
When faced with low blood oxygen levels (hypoxaemia), humans reflexly 
increase ventilation rate in an attempt to restore close-to-normal oxygen 
tensions supplying the organs of the body (Figure 2.3). The ventilatory response 
to hypoxic conditions at rest and during exercise is a physiological compromise; 
matching an adequate O2 supply with the need to maintain acid-base balance 
near-normal. Hyperventilation can result in a reduction in Pco2 (hypocapnia) 
(Heistad & Abboud, 1980; Koller et al., 1988), and stimulates an increase in 
SNS activity (Figure 2.4) (Smith & Muenter, 2000). The secondary effect of 
hypocapnia will elevate blood pH, causing respiratory alkalosis. The elevated 
blood pH produces a leftward shift in the oxyhaemoglobin dissociation curve 
(West, 2005) thus providing a greater arterial oxygen saturation as a result of 
haemoglobin‘s greater affinity for O2 increasing O2 loading at the lungs, but may 
compromise delivery to the tissues.  
Exercise whilst exposed to hypoxic environments further exaggerates the 
problems of oxygen delivery to the mitochondria (West et al., 2007). The 
differences which occur in the oxygen cascade (Figure 2.2) at sea level and 
altitudes in excess of 3000 m include an increased ventilation rate for a given 
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O2 uptake (V E/V O2) (Lumb, 2005). Consequently, a larger amount of energy is 
expended in order to increase the rate and depth of breathing (Thoden et al., 
1969; Sheel et al., 2010). For the same standard external workload the 
metabolic activity required to maintain homeostasis when hypoxic or at altitude 
is greater compared with operating in normoxia or at sea level.  
 
 
Figure 2.4. Sympathetic activity in response to hypoxia. Simplified from Smith & 
Muenter (2000).  +  stimulatory reflex,  ↓   decreases. 
 
Previous research suggests that compared to individuals with a strong hypoxic 
ventilatory response, a poor hypoxic ventilatory response was associated with: 
lower Sao2 values, AMS symptom development (King & Robinson, 1972; 
Hackett et al., 1982; Moore et al., 1986) and high altitude pulmonary oedema 
(Hohenhaus et al., 1995). In this latter study, a poor hypoxic ventilatory 
response was also associated with the development of pulmonary hypertension. 
Therefore, despite the increased energy required to sustain the increased 
ventilation rate at altitude or in hypoxic environments, the initial hypoxic 
ventilatory response and ventilatory acclimation are adaptive responses to 
hypoxic environments and reduce the risk of high altitude illnesses.  
CARDIAC RESPONSE TO ACUTE HYPOXIA 
The tachycardia exhibited in response to hypoxia is related to the stimulation of 
lung mechanoreceptors (Daly & Scott, 1958), which causes fC to increase 
through PNS withdrawal (Downing et al., 1963; Lucy et al., 2000) and may be 
maintained by the elevated SNS activity and circulating catecholamine 
concentrations (Koller et al., 1988; Marshall, 1994). It has also been suggested 
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increasing myocardial contractility (Korzick & Moore, 1996). Therefore, hypoxic 
exposure has both chronotropotic and ionotropic effects on the heart. 
Compared to normoxia, in hypoxia Q  is elevated at rest and during exercise 
(Figure 2.3), which is largely explained by an increased fC  as stroke volume is 
marginally reduced (Wolfel et al., 1991) or remains unchanged (Grover et al., 
1976). Both fC and Q   were greater at the same absolute workloads during 
hypoxic exposure compared to normoxic conditions (Stenberg et al., 1966). On 
ascent to altitude Cao2 falls and therefore the delivery of O2 to the respiring 
tissues is reduced. To counteract this, three physiological changes occur: 
Q  increases (Vogel et al., 1967), Sao2 is restored due to the hypoxic and 
hypercapnic ventilatory responses (West et al., 2007) and [Hb] increases (Huff 
et al., 1951; Reynafarje et al., 1959). The increase in Q  is transient at rest and 
during submaximal exercise, as it returns to sea level values within three weeks 
(Vogel et al., 1967).  
2.3.5 RESPONSE TIME TO HYPOXIA 
Early responses to hypoxic exposure include desaturation of the blood, the 
hypoxic hyperventilatory response and elevated SNS activity. When exercising 
under hypoxic (FIo2 0.164) compared to normoxic conditions, a reduction in 
arterial blood oxygen saturation (SPo2) of human participants occurred within 
five seconds of starting a 30 second Wingate test (Oguri et al., 2008). Johnson 
and colleagues (2009) also demonstrated that delivery of a hypoxic gas mixture 
(FIo2 0.15) in the middle of a 5000 m time trial decreased SPo2  within 20 
seconds to 41 seconds of exposure. Whilst, exposure of resting dogs to an 
initial FIo2 0.15 using a rebreathing circuit resulted in the maintenance of SPo2 at 
normal values for one minute before a reduction occurred (Yasuma & Hayano, 
2000). Where there is a greater V E and V O2 during exercise, this may result in a 
more rapid and greater reduction in Sao2 and SPo2 under hypoxic conditions 
than during a resting hypoxic exposure. As a consequence, an earlier onset of 
efferent responses to hypoxia may occur resulting from the earlier blood oxygen 
desaturation, which would be detected sooner by the peripheral 
chemoreceptors (Section 2.3.2).  
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The speed of the efferent responses will also depend upon the severity of the 
hypoxia, the more severe the hypoxic stimuli the more rapidly the hypoxaemia 
is detected and efferent responses occur. For instance, when breathing 100% 
N2 at rest it can take between one and four breaths to elicit hypoxaemia and 
changes in SNS activity in humans (Smith et al., 1992). Others have reported 
changes in SNS activity within two minutes to four minutes of exposure to FIo2 
of 0.08 to 0.12 (Rowell et al., 1989). An elevated SNS response to hypoxic 
conditions of FIo2 0.08 and 0.10 occurred within two minutes, and was closer to 
four minutes during O2 exposures using an FIo2 0.12. Yet, a FIo2 0.14 did not 
elicit an increase in SNS activity during a five minute exposure (Somers et al., 
1989b). This lack of response may be the result of elevated baseline readings 
of SNS activity, which may have implied that there was no SNS response during 
the condition. The combination of these data suggest a hypoxic stimulus can 
produce a significant sympatho-excitation during acute hypoxia, however the 
speed of the effector response depends upon the severity of the hypoxic 
exposure and ventilation.  
2.3.6 INDIVIDUAL VARIABILITY IN RESPONSE TO HYPOXIA 
In humans there is considerable variability in the physiological (phenotypic) 
responses to hypoxia. Numerous studies have described the differences 
between highland dwellers and lowlanders (Gill & Pugh, 1964; Pugh et al., 
1964), as well as comparing different highland populations (Moore, 2001; Beall, 
2006, 2007). The reader is referred to these texts for a comprehensive 
discussion on altitude adaptation of highland populations.  
The large individual variability of humans in response to different altitudes has 
been shown by the range of Sao2 and SPo2 values at the same altitude  (see 
Figure 2.5 and(Burtscher et al., 2004). This variation is also evident in gene 
expression (Beall & Goldstein, 1987; Richalet et al., 1994; Brooks et al., 2009), 
ventilation (Scoggin et al., 1978; Beall et al., 1997), HIF expression (Smith et 
al., 2008), and EPO concentrations (Chapman et al., 1998). During a 28 day 
altitude study Chapman and colleagues (1998) found two distinct groups of 
participants; ‗responders‘ and ‗non-responders‘ to altitude. Responders had a 
large improvement in performance and an acute increase in EPO concentration 
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compared to non-responders. Of note, both non-responders and responders 
demonstrated a significant and similar increase in haemoglobin concentration 
after altitude exposure. The haemoglobin increase in the non-responders was 
primarily due to a decrease in plasma volume with no change in the total red 
cell volume. In contrast, the responders‘ increased haemoglobin concentration 
was due to an increased total red cell volume. There were no differences in the 
responders and non-responders to the altitude exposure prior to the altitude 
exposure. Consequently, the investigators were not able to determine the 
responders from the non-responders before going to altitude. Prior identification 
of individuals that respond and adapt to altitude would allow such interventions 
to be targeted more effectively, but no research conducted to date has 
successfully differentiated altitude or hypoxic responders from non-responders 
(hypoxic sensitive versus hypoxic insensitive) prior to exposure to such 
conditions.  
 
Figure 2.5. Individual variability in the Sao2 response at different altitudes.  
* Data from Sutton et al (1988), ^ Data from  (McFarland & Dill, 1938). 
The sources of variability in response to hypoxia have not been identified, 
however they are likely to be genetic (geneotypical) (Scoggin et al., 1978; 
Lorenzo et al., 2009). For example, the angiotensin converting enzyme (ACE) I-
allele is associated with an elevated hypoxic ventilatory response which 
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mechanical efficiency in skeletal muscle in hypoxia (Williams et al., 2000), both 
of which are advantageous in hypoxic conditions. There is also an association 
between the ACE II genotype and endurance performance of elite British 
climbers at altitude (Montgomery et al., 1998; Thompson et al., 2007). In 
contrast, evidence from native high altitude populations is also equivocal. The I-
allele frequency in the Quechua, a high altitude South American population, 
was not different from lowland South American populations. In contrast, the 
frequency of the I-allele was greater in Sherpas than a lowland Nepalese 
population (Droma et al., 2009).  
Variation in the hypoxic inducible factor-1α (HIF-1α) gene has also been 
associated with differences in sea-level maximal oxygen consumption (Prior et 
al., 2003), and variation in HIF-2α associated with the propensity to develop 
high-altitude pulmonary oedema (Lorenzo et al., 2009). Whereas others have 
compared highland dwelling Sherpas with lowlanders and established that an 
allele coding for HIF was more frequent in Sherpas than lowland Japanese 
(Suzuki et al., 2003). Thus, the human response to, and performance at, 
altitude may be influenced by variation in HIF transcription genes (Brooks et al., 
2009). These HIF variants may differentially transcribe numerous genes coding 
for changes in the phenotypic responses to hypoxia. This would provide a 
genetic basis for the variability in the responses to hypoxia reported above. 
However, further investigations are required to test this statement. 
Despite the research conducted thus far, it is not possible to predict how 
individuals will respond to hypoxia/altitude at rest or during exercise; which 
individuals will remain free of altitude illnesses or be able to perform at 
moderate to high altitudes. Research to date has been able to show that there 
is variation in the responses to hypoxia, and associate several genotypes that 
provide some variation in the phenotypic response to altitude and hypoxic 
conditions, but further investigations are required to explore the genetic origins 
of a range of adaptive phenotypes.  
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2.3.7 RESPONSES TO INTERMITTENT HYPOXIC EXPOSURES  
At the start of a sojourn to altitude an extended acclimatisation period at a 
moderate altitude (at between 3000 m to 4000 m above sea level) is usually 
performed prior to further ascent. However, this can be costly and time 
consuming, whereas repeated episodes of acute hypoxic exposure, 
interspersed with normoxia (Neubauer, 2001) can be less so. Other techniques, 
including live-high train-low, or live-low train-high (LHTL and LLTH), are mainly 
used by endurance athletes to improve performance, both at altitude and at sea 
level (Levine & Stray-Gundersen, 1997; Stray-Gundersen & Levine, 1999; 
Stray-Gundersen et al., 2001). If access to altitude to acclimatise is not 
possible, intermittent hypoxic exposures or hypoxic exercise training may 
provide some of the adaptations which chronic exposure to altitude or LHTL 
may develop. Exercise performance was improved after intermittent hypoxic 
training in both normoxic (Robertson et al., 2010) and hypoxic environments 
(Terrados et al., 1988; Benoit et al., 1992) or found to have no effect  (Bailey et 
al., 1998; Roels et al., 2005; Debevec et al., 2010). This variation in the findings 
of these studies may be due to the differences in hypoxic exposure (the 
frequency, duration and severity of the hypoxic environment, the ‗hypoxic dose‘) 
used in intermittent hypoxic training studies, in addition to the individual 
variability in response to hypoxia (Section 2.3.6).  
There are differences between the responses to continuous and intermittent 
hypoxic exposures at rest. For instance, ventilatory changes that occur during 
chronic exposure, result in an initial increase in ventilation and are followed by a 
ventilatory depression after 3 minutes to 5 minutes (Easton et al., 1986). In 
contrast, the ventilatory decline observed may not occur during repeated 
intermittent hypoxic exposures (Nieuwenhuijs et al., 2000). This may be the 
result of a change in chemoreceptor sensitivity (Katayama et al., 2001; Peng et 
al., 2001) or due to the effects of SNS activity which outlasts the hypoxic 
stimulus (long term facilitation, LTF) (Morgan et al., 1995; Turner & Mitchell, 
1997; Xie et al., 2001). This results in an elevated SNS activity, increasing the 
cardio-respiratory responses to the stimulus. In addition, short duration 
intermittent hypoxic exposures have been linked to a transient elevated blood 
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pressure in healthy participants (Foster et al., 2005; Leuenberger et al., 2005). 
These changes do not occur in all populations (Fu et al., 2007) or with 
continuous hypoxic exposures (Turner & Mitchell, 1997). 
If hypoxic or hypobaric facilities are not available for chronic or intermittent 
exposures to hypoxia, it may be possible to gain a generic autonomic 
adaptation by a cross-adaptation; further discussion of the cross-adaptation 
research is provided in Section 2.5.  
In summary, exposure to acute hypoxic environments stimulates the SNS, 
which results in cardio-respiratory change. Longer-term exposures to hypoxia 
can also affect haematological profile and molecular expression. The speed of 
the initial response to hypoxia depends on the ‗dose‘; how hypoxic the 
environment is, the duration and pattern of exposure (i.e. chronic versus 
intermittent). In addition the magnitude of the responses to hypoxia varies 
between individuals and may be  genetically determined. 
2.4 THE INFLUENCE OF HYPOXIA ON THERMOREGULATION 
Hypoxia has been shown to interact with normal thermoregulatory and thermal  
preference responses in animals (Hale & Mefferd, 1958; Wood, 1991; Wood & 
Stabenau, 1998; Branco et al., 2000; Tattersall & Milsom, 2009) and thermal 
perception in humans (Cipriano & Goldman, 1975; Rai et al., 1978; Robinson & 
Haymes, 1990; Golja et al., 2002; Golja & Mekjavic, 2003; Golja, 2004; Golja et 
al., 2004a; Golja et al., 2004b). In hypoxic environments, a regulated decline in 
deep body temperature results from mechanisms which reduce thermal effector 
activity. This section will discuss the changes in responses to hypoxia and 
examine the possible implications of these changes at altitude.  
During whole body cold stress at sea level (normoxic conditions), peripheral 
vasoconstriction reduces skin blood flow and decreases heat transfer from the 
deep body tissues to the periphery, thus conserving heat (Hamlet, 1988). The 
reduction of internal body temperature and the failure to adopt appropriate 
behavioural changes when humans are exposed to a cold hypoxic environment 
could result in hypothermia, if appropriate actions are not taken. Studies 
CHAPTER 2. LITERATURE REVIEW 
42 
 
exposing humans to cold and hypoxic/high altitude environments have reported 
that deep body temperature either decreases (Cipriano & Goldman, 1975; 
Robinson & Haymes, 1990) or exhibits no change when compared to exposure 
to cold normoxic conditions (Blatteis & Lutherer, 1976). In contrast to the 
normoxic cold exposure, both V O2  and skin temperature (Tsk) increased during 
altitude cold exposure in the study of Blatteis and Lutherer (1976). It was also 
reported that the threshold for the onset of shivering was reduced in hypoxia 
(Castellani et al., 2002), but shivering was found to be more vigorous when it 
occurred (Robinson & Haymes, 1990). Vasoconstriction was reported to be 
impaired during hypoxic exposures with either peripheral or whole body cooling 
compared to normoxic cold conditions (Castellani et al., 2002; Simmons et al., 
2007; Simmons et al., 2010); this supports previous research which found an 
increased skin temperature in hypoxic cold compared to normoxic cold 
conditions (Cipriano & Goldman, 1975). These results indicate a greater heat 
transfer rate from deep body tissues to the skin during cold exposure at altitude, 
increasing the rate of whole body cooling as more heat is lost to the 
environment, thereby increasing the risk of hypothermia. Of note, the studies 
where hypoxia interacted with the thermoregulatory responses to cold stimuli 
used moderately cold conditions (air temperatures between 8 °C and 15 °C) and 
more hypoxic environments (FIo2 0.12 in hypoxia and altitudes of 5000 m) 
(Cipriano & Goldman, 1975; Robinson & Haymes, 1990; Castellani et al., 2002; 
Simmons et al., 2007; Simmons et al., 2010). Therefore, in humans, hypoxia 
may interact with cold environments, and may accelerate the fall in deep body 
temperature, if the ambient temperature is moderately cold and hypoxic 
stimulus severe enough, but when exposed to very cold conditions this 
interaction may not occur. 
From animal studies, it has been reported that hypoxia can result in a lowering 
of body temperature (Branco et al., 1997; Wood & Stabenau, 1998; Steiner et 
al., 2000; Barros et al., 2001; Tattersall & Milsom, 2009). It was also established 
that the hypothalamic temperature threshold for a metabolic response to cooling 
was reduced in hypoxia (Tattersall & Milsom, 2009). This study also provides 
support for the hypothesis that the fall in temperature which occurs during 
hypoxia is the result of a reduction in the activation of thermogenic mechanisms 
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that are under central autonomic nervous control rather than a failure of the 
thermoregulatory system. This suggests that body temperature is regulated at a 
lower level when exposed to hypoxic environments rather than in ‗free fall‘ 
towards hypothermia. Although this response has been found in small 
mammals, this has not been investigated in humans and requires further study. 
Another thermoregulatory response also affected by hypoxia is cold-induced 
vasodilation (CIVD), a vasodilatory reaction to cold, which releases blood to 
heat the extremities, preventing peripheral cold injuries (Lewis, 1930; 
Yoshimura & Iida, 1950). This CIVD reaction has been attributed to paralysis of 
the muscle wall around the arterio-venous anastomoses during cold exposures 
(Daanen & Ducharme, 2000; Daanen, 2003), but can also result from exposure 
to hypoxic environments (Daanen & Van Ruiten, 2000), but does not occur in 
hypobaric normoxic conditions (Meeuwsen et al., 2009). More recently, 
intermittent hypoxic and altitude acclimation programmes were found to 
potentiate the CIVD response (Felicijan et al., 2008; Amon et al., 2009). 
Therefore, thermoregulatory responses are altered by acute hypoxia and may 
increase the likelihood of cold injury during cold exposures, but acclimation to 
hypoxia, augments the CIVD response and reduces this risk. 
Hypoxia has also been found to alter thermal perceptual behaviour in both 
animals  (Gordon & Fogelson, 1991; Mortola & Feher, 1998) and humans (Golja 
et al., 2004a). A change in behavioural response in hypoxic environments 
occurred with rodents selecting cooler conditions (Gordon & Fogelson, 1991). In 
addition, rat pups huddling behaviour was reduced in hypoxic cold compared to 
normoxic cold conditions, despite a larger reduction in colonic temperature in 
the former (Mortola & Feher, 1998). Exposure to hypoxia when cold may 
prevent or delay behavioural thermoregulatory responses, increasing the risk of 
incidious hypothermia or peripheral cold injuries. Although in humans, sensitivity 
to the cold decreases during hypoxic exposures (Golja et al., 2004a), the 
reduction in sensitivity does not appear to impair an individual‘s ability to judge 
unpleasant thermal stimuli (Golja et al., 2003). Therefore, this reduction in 
perceptual thermal sensitivity during hypoxic exposures may be of less concern 
than previously thought as an unpleasantly cold stimulus is likely to prompt 
protective behavioural responses, such as the donning of additional clothing. 
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However, little is known about the mechanism of thermoregulatory alteration 
when hypoxic and requires further study in both human and animal models. 
In summary, acute and chronic exposure to hypoxia may interact with the 
responses to thermal stimuli. Therefore it is possible that habituation/adaptation 
to a thermal stimulus may influence the response to hypoxia. The next section 
(Section 2.5) will discuss the research evidence that heat acclimation or 
acclimatisation and cold habituation affects responses to acute hypoxic 
exposures.   
2.5 ENVIRONMENTAL CROSS-ADAPTATION  
The previous sections have focused upon the separate processes of adaptation 
or habituation to hypoxia and cold. It may also be that the adaptive responses to 
one stimulus can alter the response to a second novel stimulus.  
2.5.1 EFFECTS OF HEAT ACCLIMATION ON ACUTE HYPOXIA  
Previous studies investigating cross-adaptation have investigated if it is possible 
to improve tolerance to hypoxia/ischaemia by heat acclimation. The 
phenomenon, that heat acclimation improved rats‘ survival during a shortage of 
oxygen was originally suggested to be due to decreased thyroxine levels, which 
occurred with heat acclimation (Hiestand et al., 1955). Studies of isolated hearts 
from heat-acclimated rats recovered to a greater extent from ischaemic 
exposures compared to non-acclimatised controls (Levi et al., 1993; Levy et al., 
1997; Maloyan et al., 2005; Shein et al., 2005; Tetievsky et al., 2008). The 
proposed mechanism involved an increased expression of heat shock protein 
70/72 (HSP 70/72) and HIF-1α following heat acclimation (Oppenheim et al., 
1996; Maloyan et al., 1999; Arieli et al., 2003; Treinin et al., 2003; Maloyan et 
al., 2005; Shein et al., 2005). It is now also believed that up regulation of HIF-1α 
occurs during heat acclimation as well as during hypoxic or altitude exposures 
(Treinin et al., 2003), which provides a potential mechanism for cross-
adaptation between heat acclimation and hypoxia. Therefore, the process of 
polycythaemia and a cascade of other molecular changes may be under way 
during the heat acclimation stage, and provide a cross-adaptation to a novel 
hypoxic exposure.  
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The increased expression of both HSP 72 and HIF-1α are suggested to have a 
cyto-protective role, when expressed during hypoxic environments or at altitude 
(Chavez et al., 2000; Ramaglia & Buck, 2004). Horowitz (2007) suggests that 
both HSP 72 and HIF-1α may also perform the same functions during heat 
acclimation, and therefore provides a protective effect during hypoxic or 
ischaemic exposures. The more rapid response or larger reserves of HSP 72 
and HIF-1α which accumulate through a prior heat acclimation programme may 
allow a cross-adaptation to acute hypoxia/ischaemia (Horowitz, 2007), as the 
molecular adaptation to hypoxia is started ahead of the hypoxic exposures.  
A recent study also demonstrated that when humans were exposed to hypoxia 
after passive and active heating that the incidence and severity of ratings of 
hypoxic headache were greater than reported when the same participants were 
exposed to hypoxia when normothermic (Bailey et al., 2006). In contrast, it has 
also been reported that when military personnel were heat acclimated there was 
a reduction in physiological strain (a reduction in fC) and psychological markers 
such as choice reaction time when subsequently exposed to hypoxia (Heled et 
al., 2009). This study did not include information on the volunteers thermal 
status upon entering the hypoxic environment, and did not report the number 
and severity of AMS symptoms. The authors concluded that heat adaptation 
results in an up regulation of some of the same molecular components 
necessary for adaptation to altitude. Therefore prior heat adaptation may have a 
cross-adaptive effect when exposed to a novel hypoxic environment as some of 
the molecular responses (HSP and HIF-1α) are already primed. Further study is 
required to establish if heat acclimation can also reduce symptoms of AMS. 
2.5.2 EFFECTS OF COLD HABITUATION ON RESPONSES TO ACUTE HYPOXIA  
A number of studies have exposed rodents to prolonged periods of constant, 
moderate cold and then introduced a hypoxic environment whilst either a cool or 
a thermoneutral ambient temperature was maintained (Fregly, 1953, 1954; 
Altland et al., 1972; Altland et al., 1973). When comparing the constant 
moderate cold habituated groups with controls during hypoxic exposures, 
survival time or time to unconsciousness were the same (Fregly, 1954) or less 
(Fregly, 1953; LeBlanc, 1969; Altland et al., 1973). This would suggest that 
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there was no effect, or prior cold adaptation had a cross-adaptive effect which 
interfered with the responses to a subsequent acute hypoxic exposure. The 
effects reported during hypoxic exposures in these studies may be the result of 
a specific metabolic adaptation to the cold, which increases V O2 to defend 
internal body temperature. In an O2 depleted environment, the increased 
metabolic rate caused by the cold adaptation might result in the reduced 
tolerance of rats.  
The type of cold exposure used in the study of LeBlanc (1969) resulted in a 
habituation response to short repeated cold-air exposures in rodents. This is not 
a specific adaptive response to prolonged cold exposure, but an attenuation of 
the generic autonomic response to a short severe repeated stressor (short cold-
air exposures). This study found that the cold-air habituation response extended 
the tolerance to hypoxic exposures, resulting in a cross-adaptation.   
The differences in response to hypoxic conditions once cold adapted/habituated 
may be related to the temperatures to which the rodents were exposed during 
the hypoxic exposure. An earlier paper reported a cross-adaptation which had a 
detrimental effect on hypoxic response when rodents were maintained in the 
cold environment compared to those who were housed in thermo-neutral 
conditions (Fregly, 1953). The thermal effects of hypoxic exposure would add 
an additional stressor, further increasing V O2, in an environment where less 
oxygen was available. However, this initial reduction in deep body temperature 
upon hypoxic exposure would be less physiologically stressful in a control group 
in a thermoneutral environment. There may be no need to increase V O2 to 
maintain body temperature in such ambient environments. It may appear that 
the group maintained in the cool conditions had a poorer tolerance to hypoxia in 
comparison to the control group, because of the experimental design employed. 
Where a cross-adaptation was observed (LeBlanc, 1969), controls and cold 
habituated groups were exposed to hypoxia when in the same ambient 
conditions; thus providing an appropriate comparison.  
Experiments investigating the potential for cross-adaptation between cold 
habituation/acclimation and subsequent hypoxic exposure have used rodents. It 
has been suggested that this phenomena maybe mediated by a change in  
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autonomic balance. This type of cross-adaptation has not previously been 
investigated using human participants, consequently it is not known if the cross-
adaptation observed in rodents occurs in humans, or if the mechanism involves 
a change in autonomic activity. If this is the case, ‗treatment‘ with repeated short 
cold-water immersions could be utilised to ameliorate the initial affects of 
hypoxia and reduce the symptoms of AMS. This would have application in a 
number of areas where full physiological adaptation at altitude or intermittent 
hypoxic training would not be possible due to the access, cost and time 
requirements, such as during the rapid movement of military forces, industrial 
employees and adventure tourists. Consequently, the potential for a cross-
adaptive effect to a novel acute hypoxic environment when humans are 
habituated to repeated cold-water immersions warrants further investigation. 
All previous cross-adaptation studies used extreme environmental conditions, 
such as short exposures to cold-air temperatures of -20 °C, or prolonged 
moderate (6 °C) cold exposures for two months and hypoxic tolerance tests 
which involved monitoring the duration of consciousness or survival time. Such 
procedures would not be ethically approved for human experimentation. The 
use of animal models has enabled mechanisms of action to be established and 
inferred to humans. Hence now technological advances have been made, which 
can be approved for use in human experiments further investigation with 
volunteers is required to establish if this cross-adaptation exists in humans.  
In summary, previous research provided evidence in animals that a cross-
adaptation may exist between short intermittent severe cold exposures and 
hypoxia (LeBlanc, 1969). This supports the general adaptation syndrome theory 
(Selye, 1950) which suggests that the same general responses occurred to 
different stressors. In humans, a general adaptation to all stressors can be ruled 
out as an explanation for all physiological changes, due to the specificity of the 
responses to different environmental conditions, but may explain a generic 
component. It may be that habituation of the SNS occurs in response to short 
intermittent severe cold exposures which also attenuates the sympathetic 
response to acute hypoxia, thus resulting in the development of an autonomic 
cross-adaptation to an acute novel stimulus. As a consequence, if the response 
is adaptive, it may be possible to provide a programme of short repeated cold-
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water immersions which would habituate the SNS response to the initial 
responses to cold and attenuate the autonomic responses to acute hypoxia. 
This may provide a form of preparation for populations rapidly moved to altitude 
at short notice and reduce AMS symptoms in those who are prone to develop 
them.  
The studies reported in this thesis will investigate the use of minimally invasive 
techniques to indirectly assess autonomic function with human participants 
(Chapter Four-Six) as invasive techniques will disturb ANS balance (McLeod & 
Tuck, 1987). Further studies to establish if the proposed hypoxic stimulus 
results in a repeated bout effect (Chapter Seven), before testing the hypothesis 
that repeated cold-water exposures affect the responses to hypoxia (Chapter 
Eight). Thus indicating if there is a cross-adaptation of the ANS. 
2.5.3  GENERAL HYPOTHESES 
It was hypothesised that: 
H1: cross-adaptation between cold habituation and subsequent hypoxic 
exposures will exist in human participants.  
 
H2: repeated head out immersions in cold-water would attenuate the 
sympathetic responses to subsequent acute hypoxic exposures. 
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3. GENERAL METHODS 
A series of studies, described in Chapters Four to Eight were undertaken to 
determine if a cross-adaptive effect occurs between cold habituation and a 
hypoxic exposure. The protocols for all studies were approved by the University 
of Portsmouth BioSciences Research Ethics Committee. 
The general methods that were used throughout the experimental series are 
described in this section. Specific details about the method and protocol for a 
particular study are presented in the relevant sections. 
3.1 PARTICIPANTS 
3.1.1  MEDICAL CRITERIA 
Healthy male subjects were recruited for this programme of study. The female 
menstrual cycle hormonal fluctuations may alter autonomic activity, 
catecholamine concentrations (Goldstein et al., 1983) and HRV indices (Sato et 
al., 1995; Tanaka et al., 2004). Consequently, females were not recruited for the 
experiments.  
 
For each experiment a different cohort of volunteers was recruited. Participation 
in an experiment was conditional upon the completion of the health history 
questionnaire with no contraindications for participation. For the experiments 
involving exposure to hypoxia (Studies Four and Five) participants attended a 
medical appointment with the independent medical officer (IMO). Participants 
were excluded from the experiments if they had a history of collapse on 
exertion, anaemia, vascular disease (or blood donation in the week prior to the 
study), ischaemic disease, a family history of early onset cardiac disease or a 
respiratory disease (obstructive or restrictive). Participants for these studies 
were recruited from a group of volunteers who had not been exposed to 
altitudes in excess of 3000 m for a period of at least three months prior to the 
experiment; this is similar to previous investigations (Braun et al., 2001; Muza et 
al., 2001). Participation in Study Five (Chapter Eight) was also limited to 
volunteers who had not been regularly exposed to cold-water in the previous 
two years, habitually swam in the sea, unheated pools or undertook water 
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sports in the winter as cold habituation of the initial responses to immersion are 
partially preserved for at least 14 months (Tipton et al., 2000). Volunteers were 
also excluded if they presented symptoms of a peripheral vascular insufficiency 
such as Raynaud‘s or cold injuries (freezing or non freezing). 
3.1.2  DIETARY CONSIDERATIONS 
Participants were instructed to have a light meal three hours before testing, to 
refrain from ingesting beverages containing caffeine and alcohol for at least 24 
hours prior to testing, and not to exercise (beyond normal lifestyle activity) 
during the 24 hour period preceding the test sessions. In addition, participants 
who took part in Studies Four and Five were asked record their food and drink 
intake and to avoid the following foods: Bananas, Pineapples, Walnuts, 
ingestion of these foods as well as caffeine has been found to interfere with 
analytical processes involved in determination of catecholamines (Bellet et al., 
1969; Heinemann et al., 1981).  
3.1.3  ANTHROPOMETRY 
During the familiarisation session prior to each study, participants attended the 
laboratory after an overnight fast and having voided. Stature and nude mass 
were determined using a stadiometer (Holtain,Crymych) and digital Class III CE 
approved electronic scales (Seca 888, GMBH Germany). Sum of skinfolds for 8 
sites (Biceps, Triceps, Subscapula, Suprailiac, Supraspinali, Abdominal, Thigh, 
Calf) were calculated in accordance with ISAK guidance using calibrated 
Harpenden skin fold callipers (Baty International, West Sussex UK). 
3.2 ENVIRONMENTAL CONDITIONS 
3.2.1 AMBIENT TEMPERATURE CONTROL 
Ambient temperature was controlled and maintained during each experiment. 
This was particularly important during hypoxic exposures as stimulation of the 
chemoreceptors may result from high internal body temperatures (Petersen & 
Vejby-Christensen, 1977). A wet bulb globe thermometer (TWBGT) (
°C) was used 
to independently monitor the ambient temperatures and a thermistor (Grant 
Instruments [Cambridge] Ltd, UK) was also used to monitor water temperatures 
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during the five-minute water immersions described in the fifth study (the 
calibration procedure for these thermistors is described in Section 3.2.2). The 
data were recorded on to a data logger (Q800 Squirrel, Grant Instruments 
[Cambridge] Ltd, UK) once every 30 seconds. During all studies the dry bulb 
temperature and relative humidity (calculated using Antoine‘s equation) were 
reported.   
3.2.2 THERMISTOR CALIBRATION 
The temperature thermistors were checked for accuracy at five points (5 °C, 10 
°C, 20 °C, 30 °C and 40 °C). The thermistors were held at these temperatures in 
a precision water bath (Grant Instruments Ltd, UK), and compared to a NAMAS 
calibrated mercury in glass thermometer (Charnwood Instrumentation 
Services). Only skin thermistors that deviated by less than 0.2 °C from the 
NAMAS certified thermometer at each of the temperatures were used during the 
experiments. 
3.2.3 EXPOSURE TO HYPOXIA  
The hypoxic exposures were performed by two different methods during the 
study due to the development of the facilities. During Study Four (Chapter 
Seven) the hypoxic and normoxic gases were delivered from compressed gas 
cylinders through a humidification loop. The fifth study (Chapter Eight) was 
performed in a hypoxic chamber (Sporting Edge, Sherfield on Loddon, UK). 
Details of these methods are provided in the appropriate chapters.  
3.3  EXERCISE 
The exercise mode used during the experiments was seated cycling. A clear 
artefact free ECG trace was necessary for HRV analysis, this was best 
achieved in a seated cycling posture with  a modified ECG lead placement (see 
Section 3.6 and Figure 3.3). The seated cycling position allowed participants to 
relax the upper body which reduced upper body muscular interference on the 
ECG trace that was evident during upright cycle ergometery or treadmill 
walking. The seated ergometer consisted of a bench and electronically braked 
ergometer (Angio, Lode, Groningen, The Netherlands) shown in Figure 3.1. 




Figure 3.1. The cycle ergometer 
An absolute external workload of 100 Watts was adopted rather than a relative 
intensity during this series of experiments. The reason being that when walking 
or cycling in a group it is usual to travel at the pace of the slowest person in the 
group, rather than at a fixed percentage of each individuals‘ V O2 max. Cycling at 
a power output of 100 Watts elicited a V O2 of approximately 1.5 L
.min-1 to 2.0 
L.min-1 in normoxic conditions (40 % to 50 % V O2 max in young healthy males). It 
is suggested that HRV would be reduced at this intensity, but not to minimal 
levels (Annex A). 
3.4 RESPIRATORY MEASUREMENTS 
Mixed expired air measurements were collected using an oro-nasal mask and a 
one-way non-rebreathing valve (Hans Rudolph Shawnee, USA) which was 
connected to an online O2 and CO2 gas analysis system (GIR 250, Hi-tech 
Instruments Limited, Bedfordshire, UK) for the measurement of FEO2 and 
FECO2. The volume of each expired breath (VT), was measured using a flow 
turbine (KL Engineering, US). The expired air temperatures were recorded 
continuously during all experiments using thermistors (AD Instruments, 
Hastings, UK) placed in the expiratory loop as close to the turbine as possible. 
The data from these instruments were recorded using a Powerlab (AD 
Instruments, Australia) and data acquisition software (Chart 6, AD Instruments, 
Australia) and was set-up as illustrated in Figure 3.2. Respiratory frequency (fR,) 
was calculated from the number of expirations made, V E was calculated from 
the product of fR and VT, and the V O2  was computed using V E, FEO2 and FECO2 
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and corrected for temperature and Barometric Pressure. V O2  data are 
presented in terms of a standard temperature and standard pressure of a dry 
gas (STPD) and V E in terms of body temperature and ambient pressure 
saturated with water vapour (BTPS). PB was also recorded from a Fortins 
Mercury Barometer (Russell Scientific Instruments, UK) immediately before 
each data collection was performed.  
A delay between the breath registering with the gas turbine and the gas 
analysis equipment occurred due to the locations of the equipment in the 
expiratory loop. Participants wore the oro-nasal facemask, which was 
connected to a respiratory hose that was connected to the turbine and mixing 
box, from which the expired air was pumped into the gas analyser. This 
pathway of expired gas from the participant to the gas analyser incurred a delay 
between registering the breath at the turbine and O2 and CO2 concentrations at 
the gas analyser. The delay in registering the correct values of O2 and CO2 
were calculated by filling a Douglas bag with expired air and recording the time 
the O2 and CO2 values took to stabilise when air was pushed through the 
system at similar flow rates to V E values recorded during the data collection. 
This was repeated three times prior to the start of each experiment and the 
average was then used to align the FEO2, FECO2 values with the volume data 
from the turbine in the Chart software. By this method it was established that 
the average (SD) delay between the measurements recorded by the turbine and 
gas analyser was 58 (1) seconds for the O2 and 56 (1) seconds for CO2.  
A two point calibration of the O2 and CO2 analysers was made prior to each 
testing session. The ‗zero‘ gas used was 99.99% research grade Nitrogen (N2) 
(BOC, Special Gas) with outside air used to adjust the span to 20.9% O2 and 
0.03% CO2. The linearity of the analysers was assessed with a calibration gas 
mixture within the known physiological range (approximating 15 % O2 and 5 % 
CO2, which was accurate to 0.01 %, BOC Special Gas). Calibration of the 
turbine was performed immediately prior to each testing session using a 
calibrated 3 L syringe (Series 3350, Hans Rudolf Inc, USA).  




Figure 3.2. The gas analysis system, including flow turbine, baffled mixing box 
and gas analyser, this system also had the pulse oximeter and ECG machine 
integrated in to the Power Lab an analogue to digital converter. 
3.5 PULSE OXIMETRY 
During hypoxic exposures a pulse oximeter (Nonin 7500) finger probe was 
placed on the index finger of the participant. As stated by the manufacturer, the 
accuracy of the pulse oximeter was ± 2 % at haemoglobin saturations of 80 % 
to 100 %, and ± 3 % at haemoglobin saturations of below 80 %. The fingertip 
sensor was positioned on the index finger of the opposite arm to that which was 
cannulated in Studies Four and Five. This was to ensure that the values 
recorded by the pulse oximeter were not influenced by the cannulation or 
infusion of intra-venous saline used to maintain the patency of the line. 
3.6 ELECTROCARDIOGRAPHY (ECG) AND HEART RATE VARIABILITY (HRV) 
3.6.1  ECG 
A three-lead Electrocardigram (ECG) (HME Lifepulse, HME Ltd, Potters Bar, 
UK) was used in the experiments to monitor heart rate and recorded on the 
Powerlab data acquisition system for subsequent calculation of HRV. The ECG 
electrodes were placed according to Figure 3.3 to provide the least muscular 
interference. If muscular interference did result in artefacts on the ECG trace, 
alternative ECG electrode placements were utilised to provide the signal with 
the least noise.   
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During water immersion the electrode placed on the ribs was waterproofed 
using a patch (Tegaderm Film patch, 3M Health Care). This improved the 
quality of the ECG during the immersion. 
 
Figure 3.3. Three-lead ECG electrode placements 
For the duration of the ECG recordings participants remained in a comfortable 
position and were as still as possible. The positioning of the participants is 
described further in each experimental methods section.  
3.6.2  ECG SIGNAL AND ARTEFACT PROCESSING  
The computation of HRV indices can be adversely affected by the presence of a 
small number of ectopic or missing beats (Kamath & Fallen, 1995) and 
detection of spurious R-waves. Therefore, signal processing was necessary to 
minimise these sources of error.  
The R-R intervals were calculated from the recorded ECG traces over the final 
five-minute period of each condition to an accuracy of 1 ms which required a 
recording rate of 1000 Hz. All R-R intervals were visually inspected and artefact 
processing was employed using equations 3.1 to 3.4 and the algorithm 
described in Figure 3.4 to exclude premature beats and noise. This accounted 
for <1 % of the data collected from each subject. The algorithm based upon  
Berntson et al’s (1990) work was used to preserve the physiological integrity of 
the data. Errors in recording were divided into false alarms, where the algorithm 
could correct them, and artefacts where more than one consecutive R-R interval 
was obscuring the data. Inclusion of the HRV indices in any subsequent 
analysis was permitted if <1 % the raw R-R interval data were altered by the 
algorithm.  
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Quartile deviation (QD)= 
Interquartile beat interval range
2
  Equation 3.1 
Maximum expected deviation  MED = 3.32∙QD   Equation 3.2 
Minimum artefact difference  MAD = 
Standard deviation-2.9 ∙QD
3
 Equation 3.3 
Critical value from the mean= 
(MED+MAD)
2








                             











Figure 3.4. Algorithm for R-R interval artefact analysis 
3.6.3  CALCULATION OF HRV 
Once the signal processing was completed time and frequency domain HRV 
indices were calculated using KubiosHRV analysis software (Biomedical Signal 
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Analysis Group, University of Kuopio, Finland). HRV was calculated in 
accordance with the recommendations of The Task Force of the European 
Society of Cardiology and the North American Society of Pacing 
Electrophysiology (1996). The time domain measurements recorded included 
fC, R-R intervals, the standard deviation of the R-R intervals (SDNN) and root 
mean square of the successive differences (RMSSD). The frequency domain 
HRV indices were calculated using Welch‘s Periodogram method with a 50 % 
overlap and Fast Fourier transforms. Frequency domain measurements of low 
frequency power (LF) (frequency range 0.04 to 0.15 Hz), high frequency power 
(HF) (frequency range 0.15 to 0.4 Hz) and low:high frequency ratio (LF:HF ratio) 
were calculated and presented in log transformed terms using the natural 
logarithm (Ln). Further information on methods of HRV analysis can be found in 
Annex A.  
3.7 PHLEBOTOMY AND BIOCHEMISTRY 
Venous blood samples were drawn by venepuncture and cannulation from 
participants during the preliminary medical assessments and during the 
experimental sessions. The following section describes the methods and 
equipment utilised to collect blood samples and how they were subsequently 
analysed. 
3.7.1 VENEPUNCTURE 
Venous blood samples were drawn from the antecubital vein using a 21 G 
multiple sample needle (BD, Vacutainer Precision Glide, UK). This method was 
used to collect preliminary samples as part of the medical screening processes 
of participants undertaking experiments in hypoxia. During the medical 
assessments blood was drawn into an EDTA vacutainer and screened for a full 
blood count (Midland Pathlogy Services Ltd). This process was performed to 
enable the IMO to rule out the existence of anaemia and thalassaemia. During 
Study Five venepuncture was also used to collect blood samples before and 
immediately after immersions one and six. The arm was placed in the water 
during immersion, consequently this technique was used instead of cannulation. 
Blood was drawn and collected into Sodium Heparin tubes first, followed by the 
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EDTA tubes. Those drawn after the immersions were taken a maximum of 90 
seconds after removal from the water. Previous research has found that the 
half-life of adrenaline is 1.2 minutes (LaBrosse et al., 1961) and between 2.4 to 
2.8 minutes for noradrenaline (Silverberg et al., 1978; Hagberg et al., 1979). 
This time limit was imposed on the blood sample collection, if a sample was not 
collected within the first 90 seconds after the water immersion the collection 
was abandoned. The analysis of the blood samples taken into EDTA tubes is 
explained in Section 3.7.3 and the heparinised venous blood samples in Section 
3.7.4. 
3.7.2 CANNULATION 
For Studies Four and Five a venous cannula (18 gauge BD Venflon, 
Helsingborg, Sweden) was inserted and secured into a prominent viable vein in 
the cubital fossa (Tegaderm IV dressing, 1633, 3M Health Care, Germany). An 
extension set was then secured to the cannula (Codan Ltd, UK) (Figure 3.5). 
Participants were cannulated at least 20-minutes before the data collection and 
rested in a  seated position for this period of time.  
Blood samples (15 mL) were drawn into a luer slip syringe (BD Plastipak, 
Becton Dickinson, UK) and delivered into Sodium Heparin and EDTA tubes 
(Vacutainer Vacuette, Greiner Bio-One GmbH, Austria) at the times indicated 
during each study. After insertion of the cannula, and following each blood 
sample, approximately 5 mL of 0.9 % intra-venous grade normal saline (B 
Braun Melsungen AG, Germany) was injected into the sample port and through 
the extension kit to maintain patency. The saline was drawn off and discarded 
prior to each blood collection.  
All vacutainer tubes were inverted a minimum of six times to ensure thorough 
mixing with the active ingredients. Blood from the EDTA tubes was processed 
for immediate determination of haemoglobin concentration [Hb] and haematocrit 
(Hct) (Section 3.7.3).The Sodium Heparin tubes were placed in a refrigerated 
centrifuge (Heraeus multifuge 3 S-R, Thermo Electron Corporation, Germany) 
at 4 °C, and spun for ten-minutes at 2200 revs.min-1. Once separation of the 
plasma and red blood cells occurred, the supernatant (plasma) was removed 
and subsequently frozen at -80 °C (snap frozen within 20 minutes of blood 
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sampling). The samples were defrosted after each experiment had been 
completed and were prepared for analysis by the methods described in Section 
3.7.4.  
 
Figure 3.5. Secured cannula with extension set flushed with IV grade normal 
saline.  
3.7.3 PLASMA VOLUME DETERMINATION 
Plasma volume changes were calculated from measurements of Hct and [Hb] 
following the method of Dill and Costill (1974) and Strauss and colleagues 
(1951) (Equation 3.5). Hb values were assessed using a HemoCue (HemoCue 
AB, Helsingborg), which was calibrated on an annual basis. Duplicate aliquots 
of blood were expressed into heparinised micro-centrifuge tubes and spun at 
13,000 revs.min-1 for five minutes in a microcentrifuge (Heraeus Pico 17, 
Thermo Electron Corporation, Germany) before visual examination of the Hct 
was made by a micro-Hct reader (Hawksley, Lancing, UK). Catecholamine 
concentrations were then corrected for changes in plasma volume. Coefficients 
of variation (CV) were determined for Hct and Hb from the same heparinised 
blood sample; Hct CV = 2.2 % and [Hb] CV = 2.4 %. 






 ∙100      Equation 3.5 
% ∆PV  = Percentage plasma volume change 
Hbo = Hb concentration at baseline 
Hb𝑡  = Hb concentration at time t 
Hcto = Hct at baseline 
Hctt = Hct at time t 
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This method of plasma volume change was favoured as venous samples were 
already being drawn for analysis of adrenaline and noradrenaline 
concentrations and therefore least likely to further affect the catecholamine 
response to both hypoxia and short cold-water immersions. Although it is 
acknowledged that this indirect method may underestimate the true change in 
plasma volume (Gordon et al., 2003) (see Chapter Ten for further information). 
3.7.4 PLASMA CATECHOLAMINE DETERMINATION  
Blood plasma catecholamine concentrations were measured by High 
Performance Liquid Chromatography with Electrochemical Detection (HPLC-
ECD) at the Clinical Biochemistry Department of King's College Hospital NHS 
Foundation Trust. 
The method described below was developed and optimised in accordance with 
the equipment manufacturer‘s directions. 
SAMPLE PREPARATION AND EXTRACTION 
The frozen plasma samples prepared according to sections 3.7.1 and 3.7.2 
were stored and transported on dry ice to Kings Pathology Laboratory. A total 
plasma volume of 1.5 mL to 2.0 mL was required for each sample. When the 
samples were ready for analysis they were defrosted and prepared for 
extraction in accordance with guidance from the manufacturer, Chromsystems 
(Munich, Germany).   
A 500 µL aliquot of extraction buffer was added to a Chromsystems sample 
clean up cartridge (which contains ALO3) and shaken for 30 seconds. Following 
this, 1.5 mL of the plasma sample and 50 µL of Chrormosystems Internal 
Standard were added to the same cartridge. The cartridge was then closed and 
the reagents mixed for 10 minutes. Once well mixed, the bottom plug was taken 
off and the effluent removed and discarded. The bottom plug was then replaced 
and 1 mL of  wash buffer added to the cartridge, shaken briefly, and centrifuged 
for one-minute at 2000 revs.min-1 and effluent removed, this step was repeated 
twice. Then a final 1 mL of wash buffer was added to the cartridge and spun in 
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a centrifuge for two-minutes at 4000 revs.min-1. The effluent was then 
discarded. 
The collection tube was then attached and washed a total of 3 times with 120 
µL of elution buffer (Chromosystems, Munich, Germany) after each addition the 
tube was shaken briefly, left to stand for five-minutes and then shaken for 30-
seconds. Once complete, the collection tube with the clean up cartridge still 
attached was placed in a centrifuge for one-minute at 2000 revs.min-1 to collect 
the analyte. The spent clean up cartridge was detached from the collection tube 
and discarded. The collection tube was then well mixed and ready for 
separation by HPLC. 
SEPARATION AND CHROMATOGRAPHIC CONDITIONS 
A 5 µL sample of the analyte (extracted plasma sample) was injected in the 
HPLC machine (Dionex ICS 3000, US) and separated using a reversed-phase 
column (Ascentis® Express C18 HPLC Column, Supelco, Sigma Aldrich, UK) 
which was maintained at an ambient temperature of 40 °C. An isocratic mobile 
phase (Chromsystems GmbH, Germany) was flushed through the apparatus at 
a flow rate of 1.7 mL.min-1. Once separated, the analyte species were passed 
through an electrochemical detector with a glassy carbon electrode (Dionex, 
USA). The electrode potential was maintained at 500 mV and signal transferred 
to a computer to produce the Chromatographs, similar to the example in Figure 
3.6.  
Adrenaline and noradrenaline were identified from the retention time, and 
concentrations calculated from the relative height and area under the 
chromatograph curve (Figure 3.5). A resolution (Equation 3.6) of 1.5 or greater 
was established for this technique, therefore the separation can be easily 
quantified. The intra-assay coefficient of variation was 7.2 % and inter-assay 




                Equation 3.6 
tr1 Peak 1 retention time 
tr2 Peak 2 retention time 
W1 Peak width at base of peak 1 
W2 Peak width at base of peak 2 





Figure 3.6. An example of a chromatograh used to identify and quantify 
adrenaline and noradrenaline from a venous blood samples. 
3.8 SUBJECTIVE MEASUREMENTS 
Participants completed a Brunel mood scale questionnaire (Terry et al., 1999) 
(Annex F) during each data collection in Studies One, Four and Five (Chapters 
Four, Seven and Eight). This was to assess the level of each of the criterion 
measures (anger, confusion, depression, fatigue, tension, vigour) immediately 
before each of the data collection sessions.   
3.9 STATISTICAL ANALYSES 
Power calculations were performed to establish the relative power of the 
experiment and establish appropriate experimental group sizes once data from 
a pilot study were available (Study One, Chapter Four). Power calculations 
were performed using the statistical package Mini-tab 15. The specific statistical 
analyses performed are detailed with the individual experimental chapters.  
 
Results in all studies were expressed as means (SD) and statistical analyses 
were conducted using SPSS for Windows version 15. The normal distribution of 
the data was verified by Kolmogorov-Smirnov test of normality. An α value of 
0.05 was used. Reliability statistics (for Studies One and Four) were used to 
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establish the level of agreement between trials by calculating coefficients of 
variation (CV) (Hopkins, 2000a) and Intra-class correlations (ICC), a priori 
reliability criteria of r > 0.8 and CV < 10 % were used (Baumgartner et al., 2003; 
Vincent, 2005). The use of techniques to analyse reliability are discussed 
further in Annex C.  
Where tests of difference were used the parametric assumptions of the data 
were investigated. A range of ANOVAs were performed during the 
investigations to establish if there were significant differences, where spherecity 
was significantly different, the most appropriate epsilon P value was used, and 
post-hoc analysis by pairwise comparisons with Bonferroni adjustments were 
applied where appropriate.  
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4. STUDY ONE: RELIABILITY OF NON-INVASIVE AUTONOMIC 
MEASUREMENT  
4.1 INTRODUCTION 
Heart rate variability provides an index of autonomic balance (Akselrod et al., 
1981). Measurements of HRV were originally performed in clinical settings to 
predict mortality of patients (Kleiger et al., 1987), and the general population 
(Kleiger et al., 1991). The validity of HRV as a non-invasive method of 
assessing autonomic activity was established through studies involving drug 
infusions to block the PNS and SNS nervous pathways (Pomeranz et al., 1985; 
Koller et al., 1988; Richalet et al., 1988; Jokkel et al., 1995; Chiu et al., 2003; 
Zhong et al., 2004; Chen & Mukkamala, 2008)(Annex  A). Less is known about 
the reliability of HRV. 
4.1.1 HRV RELIABILITY  
The effectiveness of any technique used to detect differences within or between 
individuals on separate occasions is dependent upon its validity and reliability. 
Nevertheless, considering the large number of studies investigating HRV 
(approximately 500 to 600 published articles a year) (Pinna et al., 2007),  there 
is a paucity of data on its reliability. The studies reported in this thesis aimed to  
establish if autonomic balance is altered during repeated exposures to hypoxia 
(Chapter Seven), and also if an autonomic cross-adaptation occurs between 
repeated short cold-water immersions and acute hypoxia (Chapter Eight). 
These protocols require autonomic activity to be assessed repeatedly; therefore 
it was important to establish the reliability of HRV.  
The limited number of studies that have investigated the reliability of HRV with 
healthy participants are summarised in Table 4.1. According to Pinna et al. 
(2007), a number of these studies have methodological weaknesses, including: 
(1) repeated measurements were collected too far apart, (2) an inadequate 
sample size, (3) short recording lengths (Toyry et al., 1995), which did not meet 
the current guidelines (The Task Force of the European Society of Cardiology 
and the North American Society of Pacing Electrophysiology, 1996) and (4) use 
of inappropriate techniques to assess reliability. The Task Force of the 
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European Society of Cardiology and the North American Society of Pacing 
Electrophysiology (1996) made recommendations to standardise the method of 
HRV analysis. These included the calculation of HRV on stationary ECG data 
that is free from ectopic beats and noise using a sampling rate in excess of 500 
Hz. 
The measurement of HRV made on an individual or group, may vary greatly 
when repeated. Several papers within the HRV literature have described HRV 
as reliable (Freed et al., 1994; Cloarec-Blanchard et al., 1997; Amara & Wolfe, 
1998; Marks & Lightfoot, 1999; Ziegler et al., 1999), yet reliability coefficients for 
HRV indices are variable (Sandercock et al., 2004). For example, CVs of 4 % to 
30 % and intra-cIass coefficients (ICCs) >0.6 are referred to in one paper 
(Bootsma et al., 1996) as being indicative of poor reliability, whereas other 
authors refer to CVs of 35 % and imply reliability from such results (Ziegler et 
al., 1999). An arbitrary reliability threshold a priori criteria CV <10 % and ICC r 
>0.8 have been previously recommended (Baumgartner et al., 2003; Vincent, 
2005). Following these criteria, this would suggest that Ziegler and colleagues 
(1999) CV for HRV indices were not reliable. In addition, CVs of HRV indices 
were reported to fluctuate, from less than 1 % (meeting the a priori reliability 
criterion), to values in excess of 100 % (not meeting the a priori reliability 
criterion) (Sandercock et al., 2004). Similarly, large variations in the reliability of 
HRV indices were found in studies using the limits of agreement method (Pinna 
et al., 2007) (calculation of reliability is discussed in Annex C). Consequently, 
there is no consensus within the HRV literature about the reliability of HRV 
indices. 
From the available information within the scientific literature, it can be 
suggested that HRV is not universally considered as a reliable index of 
autonomic function. However, time domain measurements of HRV appear to be 
more reliable than those of the frequency domain (Marks & Lightfoot, 1999). It is 
the homoscadastic nature of time domain HRV which is indicative of greater 
reliability. Whereas, frequency domain measurements are characteristically 
heteroscadastic, hence with increasing values, the size of the variation 
becomes larger and as a corollary reliability is reduced (Sandercock, 2007). 
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To improve the reliability of HRV, Lord and colleagues (2001) established that 
standardising the time of day the measurements were recorded was necessary, 
as circadian fluctuations occur in HRV. A further recommended method for 
improving the reliability of the heteroscadastic frequency domain data is to log 
transform the values (Bland & Altman, 1996a, b). Log transforming the raw 
frequency data using the natural logarithm (Ln) reduces the heteroscadastic 
characteristics, improves the normal distribution of the data (Bland & Altman, 
1996b), and enhances the reliability of HRV indices (Pinna et al., 2007). 
Sinnerich et al. (1998) also reported that when participants were familiarised 
with the study protocol, learning effects occurred prior to the measurement 
phase of the study, improving reliability. In addition, smaller CVs were also 
found when R-R interval editing was carried out automatically and reviewed 
manually by a skilled operator. All of these processes were performed in the 
studies reported in this thesis in an effort to maximise reliability. Annex A 
includes further information about HRV, the methods used to describe reliability 
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60° head up 
tilt 








n.s effect of 
day, LoA and 

















PPMC r=0.65 to 0.75 HRV was 
reproducible 
during natural 
breathing but not 
when paced. 
(Freed et al., 
1994) 





r= 0.74 to 
0.97 





FFT=Fast Fourier Transform, LoA=Limits of Agreement, RC=Reliability Coefficient, PPMC=Pearson Product Moment Correlation, 




Reference  n Postures Breathing Spectral 
analysis  

































Ambulation Spontaneous FFT 24 hr ECG 
(separated by 
7 and 21 
days) 
Correlation r=0.54 to 0.86 HRV stable over 








head up tilt 
Spontaneous FFT 5 min (3 visits 
separated by 
a maximum 
of 14 days) 
CV CV supine = 5 
% to 42% 
Tilt = 5 % to 
25 % 























n.s effect of 


















r=0.86 to 0.99 
CV=1.96 % to 
36 % 













after 3 weeks 
CV 
ICC 
CV 4 % to 18 
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Reference  n Postures Breathing Spectral 
analysis  






(Lord et al., 
2001) 
21 Supine 10 
breaths.min-1 
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ICC with 95% 
CI, LoA 
ICC r =0.54 to 
0.98 






















r=0.84 to 0.99 
ICC r=0.36 to 
0.92 
HRV measures 
assessed by ICC 
were unreliable. 
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Reference  n Postures Breathing Spectral 
analysis  




















10 min ANOVA, ICC 
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day, 
























Large LoA no 
systematic 
bias 
CV=1 % to 
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and CV  
 
r=0.64 to 0.80 
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day 
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day 
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n.s effect of 
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Reference  n Postures Breathing Spectral 
analysis  
















CV = 18 % to 
52 % 
reliability, but no 
learning effect, 
used staff 
familiar with the 
environment. 





head up tilt 
Spontaneous FFT 2 min 
(separated by 
1 to 6 weeks) 





Head up tilt is 
less reliable than 
supine.  
(Ziegler et al., 
1999) 















4.1.2 HRV DATA COLLECTION CONDITIONS 
HRV data are usually calculated from stationary data, where participants are 
asked to remain in a supine relaxed condition and minimise movement. HRV 
has also been calculated during short cold-air exposures (Westerlund et al., 
2006), hot environments (Brenner et al., 1998), at altitude or when hypoxic 
(Hughson et al., 1994; Povea et al., 2005) and whilst exercising (Arai et al., 
1989; Yamamoto et al., 1991; Breuer et al., 1993; Tulppo et al., 1998; Cottin et 
al., 2004; Pichon et al., 2004). HRV reliability data under such conditions are 
limited, this study will investigate HRV calculation during exercise and Chapter 
Seven will examine the effect both exercise and hypoxia has on HRV indices. 
The use of paced breathing whilst gathering ECG data for subsequent HRV 
calculation is considered by some to be best practice (Brown et al., 1993; 
Hayano et al., 1994; Pöyhönen et al., 2004), but not by others (Bloomfield et al., 
2001; Pinna et al., 2006). The collection of HRV during exercise or recovery 
from exercise is controversial (Casadei et al., 1995; Chen & Mukkamala, 2008), 
but has been used in previous research (Arai et al., 1989; Bernardi et al., 1990; 
Rowell & O‘Leary, 1990; Rimoldi et al., 1992; Saito & Nakamura, 1995; 
Gonzalez-Camarena et al., 2000; Leicht et al., 2008). These two conditions are 
discussed below and a preliminary investigation of the reliability of HRV is 
performed in this chapter. 
PACED BREATHING AND RESPIRATORY SINUS ARRHYTHMIA 
Respiratory sinus arrhythmia (RSA) is a naturally occurring variation in heart 
rate that occurs during a breathing cycle. The RSA fluctuates with the phase of 
respiration, cardio-acceleration during inspiration, and cardio-deceleration 
during expiration, which increases the efficiency of pulmonary gas exchange 
(Yasuma & Hayano, 2004). RSA is predominantly mediated by respiratory 
gating of PNS efferent activity to the SA node which occurs in synchronisation 
with expiration and is absent or attenuated during inspiration. 
Healthy individuals do not breathe uniformly, at a fixed rate or depth; a large 
variation has been observed at rest (Grossman & Wientjes, 1986; van den 




Aardweg & Karemaker, 1991), moreover, stress and exercise can also alter 
respiratory parameters considerably. fR influences low frequency HRV and the 
frequency component in which the fR is contained (Brown et al., 1993). For 
example, an fR of 15 breaths
.min-1 has a frequency of 0.25 Hz, consequently 
this will also influence the HF power as the fR is within the HF power range 
(0.15 Hz to 0.4 Hz). In addition, the VT  also influences total and low frequency 
HRV, with a larger VT resulting in a high frequency power gain, particularly at 
low fR (6 breaths
.min-1 to 8 breaths.min-1)(Brown et al., 1993). For these 
reasons, it is suggested that the influence of fR and VT should be accounted for, 
if not controlled, if indices of HRV are to be determined (Grossman et al., 1991; 
Grossman et al., 2004). As alterations in ventilation may cause the change in 
HRV rather than neural inputs, fR and VT were recorded and a paced breathing 
condition was investigated in the present study.  
Paced breathing has been performed at many different rates; the majority of 
research has used slower breathing patterns, or those that are similar to a 
spontaneous breathing rhythm at rest (~12 breaths.min-1). It is suggested that 
such interventions improve the reliability of several frequency domain indices 
(HF power and LF:HF ratio)(Pitzalis et al., 1996; Pinna et al., 2007). However, 
others consider LF power and LF:HF ratio to be unreliable even under paced 
breathing conditions (Dionne et al., 2002).   
EXERCISE AND HRV 
Exercise also results in changes in ventilation, increasing the fR and amplitude 
(VT) of respiration (Angelone & Coulter, 1964). Therefore, the relative changes 
in these ventilatory parameters must be taken into account when evaluating 
HRV. 
An increased V E associated with exercise may influence the power spectra 
analysis of HRV (Annex A), resulting in an altered physiologic interpretation. 
For example, exercise-induced reductions in HF power may be caused by 
changes in ventilation or breathing frequency (Casadei et al., 1995; Perini et al., 
1998; Cottin et al., 1999; Bartels et al., 2003). In the study of Bartels et al. 
(2004) identical respiratory rates and tidal volumes during incremental exercise 




were reproduced at rest, and did not produce significant changes in LF and HF 
power during the resting hyperventilation. Conversely, during incremental 
exercise, LF and HF power significantly decreased. These results suggest that 
cardiac autonomic modulation during exercise represents true cardiovascular 
autonomic modulation changes rather than power spectral changes associated 
with changes in ventilation (Bartels et al., 2004). At present, therefore, it is 
unclear if ventilation influences HRV. 
Although a number of HRV reliability intervention studies have been performed 
on healthy participants (Table 4.1), none have established if HRV indices are 
reliable during repeated bouts of exercise. For that reason, it is of interest to 
establish if HRV indices can be reliable during exercise in healthy volunteers, 
as it was anticipated such conditions would be adopted in future studies in this 
programme of research. 
The aim of this first study was to assess the reliability of HRV measurements 
take 96 hours apart, this was the time period envisaged between recordings of 
HRV for future studies.  
4.2 HYPOTHESES 
It was hypothesised that: 
H01: Within condition HRV indices will be reliable (meet the a priori criteria) 
between repeated recordings separated by 96 hours.  
HA1:  Within condition HRV indices will not be reliable (will not meet the a priori 
criteria) between repeated recordings separated by 96 hours. 
 
H02: Indices of HRV will not differ between the spontaneous and paced 
breathing conditions at rest. 
HA2: HF power will be greater during paced breathing than during the 
spontaneous breathing condition. 
 
H03:  HRV will not differ between rest and cycling exercise conditions. 
HA3: HRV will decline with each increase in exercise intensity. 





Eight healthy male volunteers participated in the ethically approved study after 
completing a health history questionnaire  and giving  their written informed 
consent. Their average (SD) age, height, mass and sum of 8 skinfolds were: 19 
(1) years, 1.81 (0.08) m, 83.2 (8.8) kg and 77.2 (18.1) mm, respectively. 
Participants were familiarised with the protocol and found a suitable freely 
chosen cadence (FCC) which they could maintain consistently during the 
cycling sessions.  
The study consisted of two data collection sessions, separated by 96 hours. 
Participants attended each session clothed in a t-shirt, shorts and trainers. The 
first phase of each session consisted of a period during which participants were 
instrumented with an oro-nasal mask and a three-lead ECG, completed a 
Brunel mood scale questionnaire (in accordance with Section 3.8) and the 
rested for ten-minutes. At the end of this stage baseline values were recorded. 
This phase was followed by four ten-minute sessions, during which the 
participants undertook the following conditions: 
1. Seated rest, 
2. Seated paced breathing at rest (Paced), 
3. Unloaded seated cycling (0 Watts of Cycling) at a FCC,  
4. Loaded seated cycling (100 W of Cycling) at a FCC. 
All conditions were performed in a balanced order (Table 4.2), each condition 
was separated by a recovery period (approximately 10 minutes to 15 minutes in 
duration) during which fC and V E  returned to baseline values. During the paced 
breathing condition, participants voluntarily controlled their fR in time to an 
audible signal (SQ50, Seiko, China) (paced breathing at 10 breaths.min-1, 0.17 
Hz). Throughout the other conditions, breathing was spontaneous. 
 
During the data collection the mean (SD) ambient temperature in the laboratory 
was 23.8 (0.7)°C and relative humidity was maintained at 38.1 (4.1) %. The PB 
was recorded immediately prior to the start of each experimental session.  
  




Table 4.2 Latin square order of the conditions 
 Order 
 1 2 3 4 
1 R R+PB UL L 
2 R+PB R L UL 
3 UL L R R+PB 
4 L UL R+PB R 
R = Rest, R+PB = Rest and paced breathing, UL = unloaded cycling at 0 Watts, 
L = loaded cycling at 100 Watts.  
4.3.1 DATA ANALYSES 
The ECG waveform was analysed for HRV in accordance with the method 
described in Section 3.6. and the ventilatory variables were analysed in 
accordance with that described in Section 3.4. 
HRV data were presented in raw format (ms or ms2), normalised (nu) and Ln 
transformed from the raw indices. The normalised HRV were calculated 
following equations 4.1 and 4.2, and Ln transformed HRV indices calculated 
using the natural logarithm.  
LF(nu) = LF (ms2)/(Total power [ms2] – Very low power [ms2])   Equation 4.1 
 
HF(nu) = HF(ms2)/(Total power [ms2] – Very low power [ms2])   Equation 4.2 
4.3.2 STATISTICAL ANALYSES 
Results were expressed as means(SD). The normal distribution of the data was 
verified by Kolmogorov-Smirnov test of normality. A two way ANOVA (Condition 
x Day) with Bonferroni corrected pairwise post-hoc analysis was used to 
investigate between conditions differences in time and frequency domain 
indices of HRV. Significant differences were examined post-hoc by a Tukey 
test. Statistical significance was accepted at P<0.05. A post-hoc power analysis 
was utilised to determine an appropriate sample size for subsequent studies. 
The reliability of the data were calculated using the technical error of 
measurement coefficient of variation and presented as a percentage (TEM CV 
%) as described by Hopkins (2000) and the intra-class correlation coefficient 
(ICC). These techniques were adopted to enable comparison to previous 




reliability studies. To assess the reliability of the measurements, both 
coefficients of variation and ICC were performed, the threshold for reliability 
was set at 10 % and a correlation in excess of 0.8 respectively, in accordance 
with Baumgartner and colleagues (2003) and Vincent (2005). The variables 
were considered reliable if they met both of the a priori criteria. 
4.4 RESULTS 
All participants completed the conditions (n=8). 
4.4.1 HRV RELIABILITY  
No significant differences in any of the indices of HRV were observed between 
the first and second experimental days. However, the reliability of HRV cannot 
be determined from tests of statistical difference. When a reliability statistic 
(CV) was utilised for time domain measures of HRV (fC and R-R interval) the 
CVs between the first and second measurements were small to moderate 
(Table 4.3). However, in some conditions the CV threshold of 10 % was 
exceeded. This suggests that these data were not reliable.  
Total power, HF and LF power and LF:HF ratio show large variations in values 
between the first and second recordings in the same individuals. Hence the 
CVs are large for total power, HF and LF powers and LF:HF power (Table 4.3). 
In the present study, methods of reducing the size of the CVs were 
investigated. Normalising the raw total power, LF power (nu) and HF power (nu) 
data reduced the CVs; in some cases more than halving the values. Further 
reductions in the CVs were found by log transforming the raw data to ensure 
normality of distribution and in the case of the Ln HF, Ln Total power and Ln 
LF:HF ratio reduced the CVs below the 10 % reliability criteria. The CVs for the 
frequency domain HRV indices were also reduced by the introduction of paced 
breathing compared to the other conditions.  
The threshold of reliability when using the ICC is >0.8. The time domain 
measurements met this criteria, whereas, measurements of LF power (LF ms2, 
LF nu and Ln LF) were below this level (Table 4.4). High frequency power had 




low ICCs during rest and paced breathing conditions. Moreover, when the HRV 
values were log transformed all conditions had ICC values above 0.8. 






Table 4.3. Coefficients of variation (%) for time and frequency domain indices of HRV during rest, paced breathing, unloaded (0 W) 
















Time Domain HRV  
HR (beats.min-1)   10.5(6.9 to 18.1)  11.7(7.7 to 20.1)   11.9(7.8 to 20.4)      2.8(1.9 to 5.9) 
R-R interval(ms)   13.5(8.9 to 30.3)    9.1(6.1 to 20.1)   12.3(8.1 to 27.5)      3.6(2.3 to 8.8) 
SDNN (ms)   17.9(11.7 to 41.1)  13.8(9.1 to 31.1)   19.3(12.6 to 44.7)    19.6(12.8 to 40.2) 
RMSSD (ms)     9.9(8.9 to 12.0)    7.5(5.0 to 15.3)   11.3(7.3 to 25.1)    20.3(12.7 to 54.9) 
Frequency Domain HRV 
LF (ms2)  101.9(60.4 to 334.2) 73.5(44.8 to 216.2) 157.7(88.9 to 622.5)    81.7(47.4 to 312.5) 
LF (nu)   88.6(53.2 to 276.3) 31.7(20.3 to 77.6)   28.8(18.5 to 69.6)    45.3(27.4 to 142.4) 
Ln LF (ms2)   11.8(7.8 to 26.3) 10.1(6.7 to 22.2)   18.0(1.8 to 41.3)    33.1(19.4 to 130.3) 
HF (ms2)  297.4(152.7 to 1685.9) 87.0(52.3 to 270.0) 120.4(70.1 to 421.1)  296.3(134.7 to 547.4) 
HF (nu)   63.1(38.9 to 177.7) 20.3(13.2 to 47.2)   62.8(38.8 to 176.9)    36.6(22.4 to 109.4) 
Ln HF (ms2)     9.8(8.5 to 18.5)   6.2(4.1 to 12.1)     8.6(5.6 to 17.7)      9.4(6.7 to 10.2) 
Total power (ms2) 120.0(69.9 to 416.3) 62.3(38.5 to 175.1) 129.0(74.5 to 465.8)  158.1(85.1 to 448.6) 
Ln Total Power (ms2)   11.7(7.7 to 26.0)   4.6(2.4 to 10.2)     9.4(7.5 to 12.4)      6.8(2.6 to 10.2) 
LF:HF ratio  188.3(98.9 to 316.2) 55.2(34.4 to 150.7) 107.9(63.6 to 361.5)    96.2(54.6 to 194.5) 
Ln LF:HF ratio     9.2(6.7 to 11.9)   5.6(5.0 to 6.6)     6.4(5.4 to 10.5)      9.8.4(7.5 to 12.6) 






Table 4.4. Intra Class Correlation (ICC) (95% confidence interval) for time and frequency domain measures of HRV during rest, 
paced breathing, unloaded (0 W) and loaded (100 W)  cycling during two experimental sessions separated by 96 hours. n=8 
 





Time domain  
fC (beats.min
-1)  0.86(0.34 to 0.97) 0.89(0.40 to 0.98) 0.85(0.30 to 0.97) 0.92(0.60 to 0.98) 
R-R interval(ms)  0.81(0.05 to 0.95) 0.87(0.37 to 0.98) 0.95(0.74 to 0.99) 0.89(0.27 to 0.98) 
SDNN (ms)  0.81(0.18 to 0.97) 0.85(0.30 to 0.97) 0.93(0.65 to 0.99) 0.96(0.76 to 0.99) 
RMSSD (ms)  0.85(0.81 to 0.93) 0.98(0.90 to 0.99) 0.96(0.79 to 0.99) 0.92(0.61 to 0.99) 
Frequency domain 
LF (ms2)   0.15(0.60 to 0.80) 0.47(-0.40 to 0.89) 0.59(-0.29 to 0.92) 0.79(-0.07 to 0.97) 
LF (nu)  -0.28(-0.84 to 0.57) 0.60(-0.24 to 0.92) 0.18(-0.64 to 0.81) 0.63(-0.41 to 0.95) 
Ln LF (ms2)  0.19(-0.63 to 0.81) 0.44(-0.44 to 0.89) 0.79(0.62 to 0.96) 0.71(0.63 to 0.98) 
HF (ms2)   0.96(0.78 to 0.99) 0.94(0.66 to 0.99) 0.76(-0.06 to 0.96) 0.89(0.19 to 0.99) 
HF (nu)  0.31(0.15 to 0.55) 0.57(-0.28 to 0.92) 0.75(0.02 to 0.95) 0.93(0.80 to 0.99) 
Ln HF (ms2)  0.96(0.65 to 0.99) 0.98(0.48 to 0.99) 0.97(0.82 to 0.99) 0.95(0.80 to 0.99) 
Total power (ms2)    0.61(-0.24 to 0.99) 0.59(-0.26 to 0.92) 0.91(0.53 to 0.98) 0.91(0.59 to 0.99) 
Ln Total Power (ms2)  0.97(0.83 to 0.99) 0.98(0.87 to 0.99) 0.93(0.61 to 0.98) 0.97(0.77 to 0.99) 
LF:HF ratio   -0.63(-0.95 to 0.38) 0.91(0.51 to 0.98) 0.98(0.87 to 0.99) 0.98(0.84 to 0.99) 
Ln LF:HF ratio  0.81(0.63 to 0.92) 0.82(0.87 to 0.91) 0.81(0.64 to 0.98) 0.81(0.38 to 0.99) 




4.4.2 EFFECT OF CONDITION ON HRV  
The mean (SD) for time and frequency domain HRV (n=8) were recorded 
during rest,  paced breathing, unloaded and loaded cycling, on two occasions 
separated by 96 hours (Table 4.5). No significant differences were found 
between the first and second experimental sessions in any of the HRV 
measurements (P>0.1). 
During the rest condition compared to the paced breathing condition there were 
no differences in any of the HRV indices. In contrast, during the resting 
condition compared to the unloaded exercise condition there were significant 
increases in the fC (P=0.006), LF:HF ratio (P=0.016), reductions in R-R intervals 
(P=0.008), SDNN (P=0.025), Ln Total power (P=0.039), HF power (P=0.025), 
HF (nu) (P=0.022), Ln HF power (P=0.005). The RMSSD, total power, LF 
power, LF power(nu), Ln LF power did not differ between resting and unloaded 
exercise conditions. Similarly, when at rest compared to the loaded exercise 
condition there were significant increases in fC (P<0.001), LF:HF ratio (P=0.028) 
and reductions in R-R intervals (P=0.003), SDNN (P=0.002), RMSSD 
(P=0.037), total power (P=0.07), Ln total power (P=0.001), HF power 
(P=0.016), HF (nu) (P=0.01), Ln HF power (P<0.001), LF power (P=0.027), Ln 
LF power (P=0.008), whereas LF power (nu) did not differ between the two 
conditions. 
When the paced breathing condition was compared to the unloaded exercise 
bout there were significant increases in fC (P=0.008), LF:HF ratio (P=0.019), LF 
power (nu) (P=0.015), reductions in, total power (P=0.036), Ln Total power 
(P=0.043), HF power (P=0.028), HF (nu) (P=0.014), Ln HF power (P=0.02) and 
R-R intervals, SDNN, RMSSD, LF power, Ln LF power did not differ between 
the conditions. Similarly, during the paced breathing condition compared to the 
loaded exercise bout there were significant increases in fC (P<0.01), LF power 
(nu) (P=0.016), LF:HF ratio (P=0.021) reductions in R-R intervals (P=0.001), 
SDNN (P=0.012), RMSSD (P=0.018), total power (P=0.009), Ln total power 
(P=0.003), HF power (P=0.019), HF (nu) (P=0.013), Ln HF power (P=0.001), Ln 
LF power (P=0.013) and LF power did not differ. 




When comparing the unloaded exercise to the loaded exercise condition there 
was a significant increase in fC (P<0.01) and a concomitant reduction in R-R 
intervals (P=0.023), as well as SDNN (P<0.01), total power (P=0.041), Ln total 
power (P=0.003), Ln HF power (P=0.031), Ln LF power P<0.001). There were 
no differences between the two conditions in the following variables: RMSSD, 
HF (nu), HF power, HF power (nu), LF power, LF power (nu), LF:HF ratio.  
4.4.3 RESPIRATORY MEASUREMENTS 
The respiratory parameters recorded on the first and second experimental days 
were not statistically different (P>0.05) (Table 4.6).  
When comparing rest to the paced breathing condition, there were increases in 
V CO2  (P=0.026) RER (P=0.030), whereas fR (P=0.026) was reduced and VT, 
V E V O2  did not change. Moreover, when comparing rest to the unloaded 
exercise condition, there were increases in VT (P=0.009), fR 
(P=0.004), V E (P=0.032),  V O2 (P=0.022) and RER did not change as V O2 and 
V CO2 increased in parallel. Furthermore, when comparing rest to the loaded 
exercise condition, there were increases in VT (P=0.003), fR (P=0.004), V E 
(P=0.001),  V O2 (P=0.001) and RER did not change as V O2  and V CO2  
increased in parallel. 
When comparing the paced breathing condition to the unloaded exercise bout 
there were increases in fR (P=0.009), V E (P=0.039), V O2 (P=0.019), V CO2  
(P=0.001) and reductions in RER (P=0.007) and VT did not change. 
Furthermore, when comparing the paced breathing condition to the loaded 
exercise bout there were increases in fR (P=0.003), VT (P=0.005), 
V E (P=0.001), V O2 (P<0.001), V CO2  (P=0.001) and reductions in RER 
(P=0.026). 
When comparing the unloaded exercise to the loaded exercise bout there were 
increases in VT (P=0.018) fR (P=0.017), V E(P<0.001), V O2 (P=0.001), V CO2  
(P=0.001), and RER (P=0.006) was reduced. 




Table 4.5. Mean (SD) of time and frequency domain measures of HRV and respiratory variables during rest, paced breathing, 
unloaded (0 W) and loaded cycling (100 W). n=8 
 
 Rest Paced Breathing Unloaded Cycling Loaded Cycling 
 Day 1 Day 2 Day 1 Day 2 Day 1 Day 2 Day 1 Day 2 
fC  
(beats.min-1) 
68(9)ab 63(5)ab 68(6)b 63(7)b 81(13)b 78(12)b 113(14) 111(12) 
R-R interval 
(ms) 
870(130)ab 920(142)ab 879(85)b 953(87)b 724(110)b 766(173)b 503(52)  509(57) 
SDNN (ms) 66(30)ab   71(38)ab 66(18)b 81(31)b 34(17)b 21(24)b  20(6)    10(4) 
RMSSD (ms) 66(30)b 95(70)b 65(22)b 86(50)b 21(14) 48(41)  11(13)      6(3) 
Total power 
(ms2) 
1717(1292)b 1614(1323)b 1656(789)ab 1804(1040)ab 512(471)b 495(484)b  18(13)    30(27) 
Ln Total 
power (ms2) 
      7.2(0.8)ab      7.1(0.9)ab    7.3(0.6)ab     7.6(0.8)ab     5.7(1.3)b      5.7(1.2)b   2.6(0.8)      2.7(1.3) 
HF power 
(ms2) 
814(732)ab 1077(1048)ab 975(593)ab 822(581)ab 133(117)  124(157)   3(2)      5(4) 
HF power 
(nu) 
55(7)ab 49(26)ab 65(15)ab 69(14)ab   25(13) 30(19) 35(26)    31(12) 
Ln HF power 
(ms2) 
      6.3(0.9)ab      6.4(1.2)ab      6 .7(0.6)ab     6.7(0.6)ab    4.5(1.1)b     4.7(0.6)b   0.9(0.9)      1.3(1.0) 
LF power 
(ms2) 
572(413)b  598(443)cb 509(304)b   654(463)b 312(310) 356(333) 10(8)    15(13) 
LF power  
(nu) 
       44(8)    50(26) 44(15)ab 30(14)ab    74(13) 59(19) 64(26)    68(12) 
Ln LF power 
(ms2) 
       6.1(0.7)b      6.1(0.7)b        6.1(0.7)b      6.2(0.8)b      5.1(1.5)b       5.5(0.8)b   1.8(1.1)      2.1(1.3) 
Ln LF:HF 
ratio 
      0.9(0.1)ab     1.1(0.5)ab    0.9(0.1)b     0.9(0.1)b  1.4(0.4)   1.2(0.2)   1.6(0.3)      1.5(0.3) 
† Different to Paced P<0.05, a Different to Unloaded cycling P<0.05, b Different to Loaded cycling P<0.05 












† Different to Paced P<0.05, a Different to Unloaded cycling P<0.05, b Different to Loaded cycling P<0.05 
 
 
 Supine Paced Unloaded Cycling Loaded Cycling 
 Day 1 Day 2 Day 1 Day 2 Day 1 Day 2 Day 1 Day 2 
VT  (L)   0.8(0.3)ab   0.8(0.2)ab   1.0(0.3)b   1.0(0.3)b   0.9(0.4)b   1.1(0.2)b  1.8(0.5)   1.6(0.3) 
fR (breaths
.min-1) 13(3)†ab 13(3)†ab 10(1)ab 10(1)ab 17(5)b 17(5)b 22(6) 22(5) 
V E (L
.min-1)   7.6(2.4)ab   7.9(1.3)ab   8.9(2.7)ab   8.8(1.9)ab 11.0(2.2)b 11.7(3.2)b 33.1(8.9) 31.2(6.8) 
V O2 (L
.min-1)   0.3(0.1)ab   0.3(0.1)ab   0.3(0.1)ab   0.4(0.1)ab   0.5(0.1)b   0.5(0.2)b   1.8(0.5)   1.6(0.4) 
V CO2 (L
.min-1)   0.3(0.1)†b   0.3(0.1)†b   0.5(0.1)   0.5(0.1)   0.4(0.1)b   0.4(0.1)b   1.6(0.5)   1.4(0.4) 
RER   0.9(0.1)†   0.8(0.1)†   1.1(0.1)ab   1.1(0.1)ab   0.8(0.1)b   0.8(0.1)b   0.9(0.1)   0.9(0.1) 
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4.4.4 SUBJECTIVE COMMENTS 
Two participants reported feeling dizzy and light headed during the paced 
breathing condition; these symptoms were not reported during any other 
condition and were ameliorated during the recovery period. 
4.5 DISCUSSION 
The present study examined the reliability of HRV, and secondly aimed to 
investigate its use as a non-invasive measurement of autonomic nervous activity 
in a range of conditions (at rest, during paced breathing, unloaded [0 Watts] and 
loaded [100 Watts] seated cycling exercise).  
4.5.1 HRV RELIABILITY  
The reliability statistics of CV, and ICC were used in the present study (Tables 
4.3 and 4.4). The majority of the time domain CVs were less than the a priori 10 
% threshold and had strong positive correlations (r>0.8). Whereas the CVs for 
the raw (ms2) frequency domain indices of total power, HF and LF power were 
large, with ICCs ranging from moderate negative correlations to moderate 
positive correlations, indicating poor measurement reliability. This supports 
previous work (Bootsma et al., 1996; Pitzalis et al., 1996; Højgaard et al., 2005), 
which established that time domain measurements of HRV were reliable. On the 
other hand, frequency domain measurements were more dispersed, thus 
indicating that frequency domain parameters were more variable on a day-to-day 
basis (Taverner et al., 1996; Jauregui-Renaud et al., 2001). However, 
normalising the values, reduced the CVs, and ICCs moved towards strong 
positive correlations. Further reductions in the CVs and improvement in the ICCs 
were found when the raw data were log transformed. The Ln HF power, Ln Total 
and Ln LF:HF power meet both of the a priori reliability criteria. Therefore the null 
hypothesis (H01) which stated that HRV would be reliable within conditions can 
be accepted for these indices, but must be rejected for the raw, normalised and 
LF power, consequently studies in this programme of research will report these 
log transformed indices.  
When examining the four conditions adopted in this study the smallest log 
transformed HRV CVs were found during the paced breathing condition (6.6 % to 
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10.1 %, Table 4.4).This agrees with the research of Sinnerich et al. (1998), Parati 
et al. (2001), Sandercock et al. (2004) and Pinna et al. (2007). In contrast, 
another research group found paced breathing was less reliable than 
spontaneous breathing (Dionne et al., 2002), this may have been the result of a 
lack of familiarisation of the participants with the technique. The introduction of a 
paced breathing condition is designed to standardise fR, but can make fR more 
unstable than spontaneous breathing (Kobayashi, 2009).  
Previous reliability research of HRV indices during exercise is limited to two 
studies (Gerin et al., 1993; Amara & Wolfe, 1998). The study of Gerin and 
colleagues (1993) suggested that HRV indices when walking and performing 
three mentally stimulating activities were not reliable, whereas Amara and Wolfe 
(1998) reported that HF power was reliable during moderate intensity cycling 
(100 W, 60 revs.min-1), but LF power was not. The present study supports the 
work of Amara and Wolfe (1998) as the Ln total, Ln HF powers and Ln LF:HF 
ratio met the a priori reliability criteria during cycling exercise, whereas the Ln LF 
power was not reliable. Of note, the variables meeting the a priori criteria in this 
study were close to the reliability threshold (i.e. Ln HF power CVs ranged from 
6.2 % to 9.8 %, CV criterion = 10 %), with another cohort of people this may be 
elevated above the 10 % level and suggest the variables would not be reliable. 
4.5.2  EFFECT OF CONDITION ON HRV  
In the present study, the HRV values during paced breathing were similar to 
Bloomfield et al. (2001). The paced breathing condition resulted in the largest 
total and HF powers of all the conditions tested and was significantly larger than 
resting values. Therefore, the null hypothesis, which stated that HRV would not 
differ between the paced and spontaneous breathing conditions, can be rejected 
(H02). This leaves an alternative hypothesis (HA2), which states that paced 
breathing results in an elevation in HF power compared to the spontaneous 
breathing condition. This confirms the findings of others (Eckberg, 1983; Saul et 
al., 1989; Novak et al., 1993) that ventilatory changes can influence HRV. In 
contrast, Bartels and colleagues (2004) found no differences between HRV 
indices when fR and VT were matched during rest and exercise bouts. The 
present study did not control either fR or VT, and did not match the breathing 
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frequency at rest and exercise. Variation in the HRV indices between the 
spontaneous breathing at rest and the paced breathing may have occurred due 
to the different fR and VT adopted during the two conditions. 
With increases in exercise intensity VT, fR and V E are elevated. In the present 
study, the reduction in HRV that occurred when cycling may have been the result 
of ventilatory changes. The time and frequency domain HRV values observed 
during the 100 W of cycling condition were similar to those of Leicht and others  
(2008). In healthy participants, it is known that as exercise intensity increases, all 
frequency components of HRV decrease (Arai et al., 1989; Perini et al., 1990; 
Cottin et al., 2004); the present study supported these findings as total power, LF 
and HF powers were reduced with increasing exercise intensity. Therefore, the 
null hypothesis (H03), can be rejected, leaving the alternative hypothesis (HA3), 
which states that HRV would decline at higher exercise intensities (from rest to 
unloaded and loaded cycling exercise). The reduction in HF power was greater 
than the decline in total and LF power (resulting in an increased LF:HF ratio) 
during the unloaded and loaded exercise bouts, and suggests that at low to 
moderate intensity exercise withdrawal of PNS input occurs, rather than an 
increase in SNS stimulation (Pagani et al., 1986; The Task Force of the 
European Society of Cardiology and the North American Society of Pacing 
Electrophysiology, 1996). This also agrees with the findings of Savin and 
colleagues (1982) and Kannankeril and Goldberger (2002) who reported that 
PNS activity predominantly controls fC from resting values to approximately 100 
beats.min-1 to 120 beats.min-1, whereas a greater level of SNS activity elevates fC  
above this threshold. 
4.5.3 IMPLICATIONS FOR SUBSEQUENT STUDIES 
This study provided a base from which to learn about the data acquisition and 
handling of HRV calculations; from this process a number of key points were 
explored.  
This study provided data to establish the variability of HRV indices in a range of 
conditions. A post-hoc power analysis using HRV data from this study was 
calculated and a power of 0.68 to 0.75 was observed. This suggests the study 
had insufficient power and was at risk of producing a Type II error, yet there were 
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no variables which were close to resulting in statistically significant differences, 
which would have benefited from the addition of more participants. Subsequent 
power calculations suggested that 16 participants would be necessary to provide 
adequate power for future projects in this programme of research.  
From the present study and previous literature the most reliable HRV indices 
were produced during the paced breathing condition. Nevertheless, breathing 
patterns are rarely consciously synchronised to a predetermined pattern; 
consequently reducing ecological validity. In addition, paced breathing resulted in 
a mild respiratory alkalosis, indicated by the elevated V CO2 and RER values 
compared to the resting condition during which participants breathed 
spontaneously. Participants reported feeling dizzy and light headed during the 
paced breathing condition; these symptoms were not reported during any other 
condition and subsided during the recovery phase. The paced breathing may add 
an additional physiological strain, which contributes to a disturbed acid-base 
balance. During subsequent studies in this programme of research, participants 
will be exposed to hypoxic environments. Exposure to hypoxia or hypobaric 
hypoxia also results in respiratory alkalosis (Fenn et al., 1949). Consequently, the 
inclusion of paced breathing may further add to the acid base imbalance, which 
may confound results. For that reason, paced breathing conditions were 
investigated further in the next experiment, both at rest and during seated cycling 
exercise (Chapter Five). If the hypothesis is confirmed that it results in respiratory 
alkalosis, then paced breathing conditions will be discontinued as they provide an 
unnecessary additional physiological stressor which would not be evident in 
normal circumstances. 
During the present study, participants exercised on an electronically braked cycle 
ergometer, whereby, regardless of the cadence adopted, the external workload 
was maintained at the intensity required for the condition. Although the same 
work rates were used during both experimental days by each individual, it was 
noted that different participants adopted different self-selected cadences, which 
ranged from 40 revs.min-1 to 80 revs.min-1. The differing cadences may have 
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resulted in different amounts of internal work1 (Sjøgaard et al., 2002) from the 
skeletal and cardiac musculature which might influence HRV indices. It is not 
established in the literature if a change in cadence, and therefore internal 
muscular work, would influence HRV and further investigation of this question is 
presented in the next chapter (Chapter Six). 
It is concluded that HF power increased during paced compared to spontaneous 
breathing conditions, HRV also declines with increasing exercise intensity (from 
rest to 100 W of cycling). The HF and LF powers declined whereas the LF:HF 
ratio increased. This may suggest that during low intensity cycling exercise, PNS 
withdrawal results in the elevation in fC. In addition, the reliability of time domain 
indices of HRV were confirmed. Yet, frequency domain HRV indices were not 
reliable, when presented as raw or normalised data, nevertheless the Ln 
transformed values were reliable, with the exception of the Ln LF power. Of note, 
those HRV indices meeting the reliability criteria were close to the reliability 
threshold and therefore caution is required with the use of HRV during repeated 
assessments. 
                                            
1
 Internal work can be defined by the power needed to overcome the inertial and gravitational 
forces equired to produce movement (Fergusson et al., 2000) however there is no consensus on 
the best method to calculate internal work (Sjøgaard et al., 2002). 
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5. STUDY TWO: INFLUENCES ON HEART RATE VARIABILITY 
5.1   INTRODUCTION  
During the previous study (Chapter Four), it was shown that HRV indices were 
different between paced and spontaneous breathing conditions, thus suggesting 
that ventilation influences HRV indices. This agrees with a large body of research 
which suggests that rapid shallow breathing will reduce RSA and HF power, 
whereas slow deep breathing will maximise HF power and RSA (Angelone & 
Coulter, 1964; Hirsch & Bishop, 1981; Eckberg, 1983; Saul et al., 1989; Brown et 
al., 1993; Novak et al., 1993; Hayano et al., 1994; Pöyhönen et al., 2004; Blain et 
al., 2005). The fR  and VT also produce independent and interactive effects 
(Hirsch & Bishop, 1981). For example, increases in VT at a slow fR result in larger 
elevations in RSA (and consequently HF power) than the same VT would at a 
more rapid fR (Hirsch & Bishop, 1981). Consequently, ventilation may alter RSA 
and frequency domain indices of HRV independently of autonomic control. It is 
therefore proposed that fR should be controlled if indirect observations of 
autonomic activity are to be made using HRV (Grossman et al., 1991; Pöyhönen 
et al., 2004; Grossman & Taylor, 2007). A simple technique was  proposed to 
combat the influence of ventilation on HRV, which involved participants 
voluntarily pacing their breathing in time to an audible signal (Grossman et al., 
1991), but this procedure does not control VT. The procedure requires 
familiarisation with the technique and is dependent upon regular ventilation. More 
recently it has been suggested that the complete control of ventilation is not 
possible in all participants, and rather than prompt volunteers to an 
uncomfortable standardised fR, they should be instructed to maintain a regular, 
comfortable fR and VT (Kobayashi, 2009).  
The paced breathing studies discussed above were performed whilst resting. On 
the other hand, a study which replicated the fR and VT values achieved during 
incremental exercise, when participants rested, did not result in significant 
changes to either HF or LF power (Bartels et al., 2004). During the exercise 
component, LF and HF powers were significantly reduced, they suggest that the 
HRV values occurring during submaximal and maximal exercise were 
representative of the true change in autonomic modulation rather than any 
CHAPTER 5. INFLUENCES ON HEART RATE VARIABILITY  
91 
 
ventilatory influence on HRV indices. As a result, contradictory evidence exists 
regarding the effect ventilation and exercise have on indices of HRV. Hence in 
the present study, a comparison between paced and spontaneous breathing 
frequencies was examined at rest and during seated cycling.   
The paced breathing condition performed in the previous study (Chapter Four) 
resulted in an elevated V CO2 and RER values. Several participants reported 
feeling dizzy during this period, which may have been the result of respiratory 
alkalosis caused by the paced breathing. Consequently, a further investigation of 
the participants‘ HRV responses to paced breathing was undertaken during this 
study. If indirect evidence of respiratory alkalosis is evident, paced breathing 
conditions will not be included in later studies, as this may constitute an 
additional unnecessary physiological strain, and confound responses to hypoxic 
exposures which will be performed in subsequent studies (Chapters Seven and 
Eight).  
It may also be that HRV and autonomic activity are altered by acute periods of 
attention-demanding tasks. Several studies have reported that attention-
demanding tasks (such as the Stroop colour-word conflict test (Stroop, 1935) or 
mental agility challenges) which required participants to concentrate, reduce PNS 
activity (Pagani et al., 1991; Delaney & Brodie, 2000; Hjortskov et al., 2004), 
augmented SNS stimulation (Wood et al., 2002), and resulted in cardio-
acceleration (Szabo et al., 1993). It is possible that the conscious effort required 
to maintain a cycling cadence on an electronically braked cycle ergometer may 
influence indices of HRV, whereas a FCC does not require any attention and may 
have no effect on HRV indices.   
Accordingly, the primary aim of the study was to investigate the effect that a 
standardised breathing frequency had on HRV when resting and cycling on an 
unloaded cycle ergometer. A secondary aim was to examine whether paced 
breathing at 10 breaths.min-1 resulted in respiratory alkalosis. The final aim was 
to establish if HRV was influenced by the attention-demanding nature of 
maintaining a standardised cadence.  
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This study formed an important part of the planned programme of research; 
providing experimental evidence of some of the factors that may confound or 
complicate the HRV analysis, which should therefore be controlled or monitored 
in subsequent studies. 
5.2 HYPOTHESES 
It was hypothesised that: 
H01 No differences in HRV will be found between spontaneous and paced 
breathing 
HA1 HF power will increase during the paced breathing condition compared to 
the spontaneous breathing condition. 
H02  Paced breathing whilst cycling will not result in respiratory alkalosis. 
HA2 Paced breathing whilst cycling will result in respiratory alkalosis. 
H03 HRV will not differ when cycling at a FCC with or without cadence 
feedback. 
HA3  HRV will differ when cycling at a FCC with or without cadence feedback. 
5.3 METHODS 
Sixteen healthy male volunteers participated in the ethically approved study and 
gave their written informed consent to participate in the study. Their average (SD) 
age, height, mass and sum of 8 skinfolds were: 31 (6) years, 1.72 (0.23) m, 82.5 
(8.0) kg and 77.6 (22.6) mm, respectively. 
5.3.1 PROCEDURES 
A within-subject repeated measures design was used. Twenty-four hours prior to 
starting the study participants were familiarised with the equipment and cycling 
cadences required. During the familiarisation period participants were shown and 
instrumented with all the equipment to be used during the data collection periods, 
they then cycled on an unloaded ergometer (0 Watts) (Lode Angio, Groningen, 
The Netherlands) at a FCC whilst blinded to the pedalling rate and then asked to 
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maintain this FCC when cadence feedback was available. These conditions were 
repeated during the experimental session. 
The following day participants were seated in the laboratory to rest prior to 
starting the data collection. During this period, they were instrumented with a 
three-lead ECG, and an oro-nasal respiratory mask (for subsequent calculation of 
HRV and ventilatory variables) in accordance with Sections 3.4 and 3.6. The first 
data collection condition was performed with participants resting in a seated 
position for 10 minutes and baseline measurements were made. The subsequent 
order of the conditions followed a Latin square design (Table 5.1); with bouts 
consisting of 10 minutes of:  
1. Seated rest and paced breathing 
2. Unloaded cycling at FCC without cadence feedback and breathing 
spontaneously 
3. Unloaded cycling at the cadence adopted in item 2 with cadence feedback 
and breathing spontaneously 
4. Unloaded cycling at the cadence adopted in item 2 with cadence feedback 
and paced breathing 
 
Table 5.1. The order of conditions following a Latin square design 
 Order 
Participants 1 2 3 4 
1 R+PB UL w/oFB UL+FB UL+FB+PB 
2 UL w/oFB R+PB UL+FB+PB UL+FB 
3 UL+FB UL+FB+PB R+PB UL w/oFB 
4 UL+FB+PB UL+FB UL w/oFB R+PB 
R+PB = Rest and paced breathing,  
UL w/oFB = Unloaded cycling without cadence feedback,  
UL+FB = Unloaded cycling with cadence feedback,  
UL+FB+PB = Unloaded cycling with cadence feedback and paced breathing. 
The paced breathing frequency had been used in the previous study (Chapter 
Four) and required participants to voluntarily control their breathing in time to an 
audible signal (paced breathing at 10 breaths.min-1, 0.17 Hz). This frequency was 
sufficiently slow to minimise the effect on HF power as shown in the previous 
chapter. All conditions were performed on the same day to minimise biological 
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variation, and were separated by a 10 to 20 minute recovery period, whereby fC 
and ventilatory data were returned to baseline levels prior to commencing the 
next condition.  
The laboratory was maintained at a mean (SD) ambient temperature of 22.0 (0.7) 
°C and a relative humidity of 48 (10) %. The PB was recorded immediately prior to 
the start of each experimental session.  
5.3.2 DATA ANALYSES  
The ECG waveform was analysed in accordance with the method described in 
Section 3.6, and the instrumentation and analysis of the ventilatory variables was 
in accordance with Section 3.4. 
5.3.3 STATISTICAL ANALYSES 
All statistical analyses were performed using SPSS version 15. The normal 
distribution of the data were verified by the Kolmogorov-Smirnov test of normality 
and the means (SD) are presented for all the measures of HRV and respiratory 
data. Data were excluded if the values were >2 standard deviations from the 
mean; the HRV data for one participant was excluded, as it met this criterion and 
was recorded as an outlier.  
Paired samples t-tests were used to establish if differences occurred between the 
FCC performed during the familiarisation and experimental sessions and 
between conditions where cadence feedback was and was not available. In 
addition, a repeated measures ANOVA with Bonferroni correction and pairwise 
comparisons were used to establish if there were differences in indices of HRV 
and ventilatory variables at rest and during light exercise, when breathing was 
either paced or spontaneous (exercise intensity x breathing condition).  
5.4 RESULTS 
5.4.1 CYCLING CADENCE 
During the familiarisation session the mean (SD) FCC without feedback was 
59(7) revs.min-1 and with feedback was 60(9) revs.min-1. These were not 
significantly different to those achieved during the experimental data collection. 
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The FCC whilst blinded to cadence information was 60(8) revs.min-1 (range 48 to 
74 revs.min-1). Cadences of 58(9) revs.min-1 and 59(8) revs.min-1 were 
maintained during the spontaneous and paced breathing conditions in which 
participants were asked to reproduce their individual FCC with cadence 
feedback. 
5.4.2 HRV DATA 
SPONTANEOUS VERSUS PACED BREATHING 
When spontaneous breathing was compared to the paced breathing condition at 
rest, small but significant increases were observed in fc (P=0.036), Ln Total 
power (P=0.031), Ln HF power (P<0.001) and Ln LF:HF ratio (P=0.001), with 
reductions in R-R interval (P=0.029) whilst the SDNN, RMSSD and Ln LF power 
did not differ between the two conditions (Table 5.2). Furthermore, during 
unloaded exercise Ln HF power (P=0.001) was increased and Ln LF:HF ratio 
reduced (P=0.007) in the paced compared to spontaneous breathing condition, 
and there were no differences in fc, R-R intervals, SDNN, RMSSD, Ln Total 
power or Ln LF power. 
Table 5.2. Mean (SD) of the HRV indices during rest and unloaded seated 
cycling at a freely chosen cadence during paced and spontaneous breathing 
conditions. n=15. 










.min-1)   63(6)*†   65(7)†   68(9)   69(8) 
R-R intervals 
(ms) 
950(99)† 926(100)*† 868(96) 859(94) 
SDNN (ms)   69(24)†   78(32)†   58(22)   67(25) 
RMSSD (ms)   85(44)   71(33)   54(27)   61(29) 
Ln total power 
(ms2) 
    7.2(0.8)*†     7.5(0.7)†     6.9(0.8)     7.2(0.8) 
Ln HF power 
(ms2) 
    6.1(1.2)*     6.8(1.1)     6.0(1.3)*     6.7(1.1) 
Ln LF power 
(ms2) 
    6.5(0.9)†  6.5(0.8)†     6.1(0.7)     6.2(0.9) 
Ln LF:HF ratio     1.1(0.2)*     1.0(0.2)     1.1(0.2)*     1.0(0.2) 
* Different to paced breathing P<0.05. 
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† Different to unloaded exercise P<0.05  
REST VERSUS UNLOADED CYCLING EXERCISE 
Compared to the resting conditions (both breathing conditions), the unloaded 
exercise resulted in an increase in fC (P=0.001) and reductions in R-R interval 
(P<0.001) and the SDNN (P<0.001). Consequently, the total power (P=0.01) and 
LF power (P=0.02) were reduced during the unloaded exercise compared to the 
resting conditions. The RMSSD, Ln HF and the Ln LF:HF ratio were not different 
between the rest and unloaded cycling conditions. 
EFFECT OF CADENCE FEEDBACK 
There were no differences in HRV indices during the FCC with and without 
cadence feedback conditions (Table 5.3).  
Table 5.3. Mean (SD) HRV indices during unloaded seated cycling at a freely 
chosen cadence with and without cadence feedback. n=15. 
 






.min-1) 69(12)  69(10) 
R-R intervals (ms) 862(109) 868(96) 
SDNN (ms) 60(23)  58(23) 
RMSSD (ms) 54(25)  54(27) 
Ln total power (ms2)      6.9(0.8)       6.9(0.7) 
Ln HF power (ms2)      5.9(1.3)       5.9(1.3) 
Ln LF power (ms2)      6.1(0.8)       6.1(0.7) 
Ln LF:HF ratio      1.1(0.2)       1.1(0.2) 
 
5.4.3 VENTILATORY VARIABLES 
SPONTANEOUS VERSUS PACED BREATHING 
During the paced breathing condition, fR values were significantly lower 
(P<0.001) and VT larger (P=0.001) than during the spontaneous conditions, the 
net result being no difference in V E between the two types of breathing. There 
was also no difference in V O2 between the two breathing conditions, yet, the 
V CO2  (P=0.006) and RER (P=0.028) values were elevated during paced 
breathing compared with the spontaneous breathing conditions (Table 5.4).  
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REST VERSUS UNLOADED CYCLING EXERCISE 
The respiratory variables recorded at rest and during unloaded exercise when 
breathing spontaneously and when paced breathing are presented in Table 5.4. 
There were no differences in ventilatory variables between the resting and 
unloaded exercise conditions. 
In addition, there was no change in ventilatory variables during the FCC with and 
without cadence feedback conditions. 
Table 5.4. Mean (SD) of the ventilatory variables during rest and unloaded 
seated cycling at a freely chosen cadence during paced and spontaneous 
breathing conditions. n=16. 
 










VT (L)    1.1(0.5)*  1.4(0.5)   1.1(0.2)* 1.5(0.3) 
fR 
(breaths.min-1) 
 15(1)*       10(1)     16(4)*  10(1) 
V E (L
.min-1)  12.8(3.3)       13.1(4.8)     14.3(3.8)  14.1(4.7) 
V O2  (L
.min-1)    0.5(0.1) 0.5(0.1)  0.5(0.2) 0.5(0.2) 
V CO2 (L
.min-1)    0.4(0.2)* 0.5(0.2)   0.5(0.1)* 0.6(0.1) 
RER    0.9(0.1)* 1.0(0.1)   0.9(0.1)* 1.0(0.1) 
* Different to paced breathing P<0.05. 
† Different to light exercise P<0.05  
5.5 DISCUSSION 
The present study examined the HRV indices at rest and during low intensity 
exercise (0 Watts) in participants who were breathing either spontaneously or 
paced in time to a metronome, at 10 breaths.min-1. In addition, the HRV indices 
were investigated during a FCC when blinded to the cycling cadence compared 
to a condition where feedback was available. It was found that paced breathing 
and unloaded cycling exercise did alter components of HRV compared to the 
resting condition when breathing was spontaneous, whereas the attention 
required to maintain a standard cadence did not.  
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Paced breathing increased Ln total and Ln HF power, and resulted in a decrease 
in the Ln LF:HF ratio compared to the spontaneous breathing condition. This 
supports the findings of the previous chapter (Chapter Four). Therefore, the null 
hypothesis (H01) is rejected in favour of the alternative, HA1, which states that Ln 
HF power would be elevated during the paced compared to the spontaneous 
breathing conditions. These findings contrast with those reported by Bartels & 
colleagues (2004), who suggest that reproducing fR and VT values equivalent to 
those measured during incremental exercise, whilst at rest, did not influence HRV 
indices. This study supports previous research, which suggests that frequency 
domain HRV can be influenced by differences in ventilation (Angelone & Coulter, 
1964; Hirsch & Bishop, 1981; Eckberg, 1983; Saul et al., 1989; Brown et al., 
1993; Novak et al., 1993; Hayano et al., 1994; Pöyhönen et al., 2004; Blain et al., 
2005). Specifically, ventilation may affect the LF power and the spectral 
component in which the breathing frequency is contained (Brown et al., 1993). 
For instance, during the paced breathing condition the fR was controlled at 10 
breaths.min-1 (0.17 Hz), and may have influenced the power at the lower end of 
the HF range (0.15 Hz to 0.4 Hz). In contrast, during the spontaneous breathing 
condition, the fR was 16 breaths
.min-1 (0.27 Hz) during exercise, and at rest 15 
breaths.min-1 (0.25 Hz). These frequencies are centrally positioned within the HF 
range, and may have been the cause of the blunted HF response during the 
spontaneous breathing conditions. If the HRV indices were examined without the 
ventilatory data, it may have been concluded that an elevated PNS activity 
occurred during the paced breathing bouts. Whereas, paced breathing resulted in 
a slower fR and elevated VT, which influenced the HRV indices, and is not 
necessarily indicative of an alteration in autonomic balance.  
The present study also incorporated light intensity exercise on an unloaded cycle 
ergometer (0 Watts) at a FCC, where the work performed was the internal 
muscular work to move the lower limbs and stabilise the torso. This exercise 
intensity produced similar ventilatory values to those during the resting condition. 
The elevated internal work from the unloaded cycling exercise resulted in a small 
but significant reduction in R-R intervals, as a consequence total and LF indices 
of HRV declined. Yet, despite the similarity of the ventilatory variables (VT, fR and 
V E) between the rest and unloaded cycling conditions, time and frequency 
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domain indices of HRV were different and may suggest an alteration in ANS 
balance.  
Participants also reported that the paced breathing was difficult to maintain when 
cycling, despite being previously familiarised to the task both at rest and during 
cycling. The fR may have been paced during this study, but may not have been 
as stable as the spontaneous breathing condition, which agrees with Koybayashi 
(2009). This may be particularly true when cycling, as breathing can be entrained 
to the cadence adopted (Kohl et al., 1981), rather than to an externally imposed 
frequency.  
In the previous study (Chapter Four), a mild respiratory alkalosis (indicated by an 
elevated RER and V CO2) occurred during the paced breathing condition. This 
was also evident in the present study, and several of the participants reported 
feeling light headed, dizzy and nauseous during the paced breathing conditions. 
Therefore, the null hypothesis (H02), stating that respiratory alkalosis (indicated 
by an elevated RER and V CO2) would not occur during the paced breathing 
conditions, is rejected, and the alternative hypothesis (HA2) is accepted. 
Subsequent studies in this programme of research will investigate the autonomic 
responses to acute hypoxic conditions, which can also result in respiratory 
alkalosis. The inclusion of paced breathing during subsequent experiments may 
add to the respiratory alkalosis that occurs during hypoxia, thus constituting an 
additional unnecessary physiological stain. To prevent excessive alkalosis, 
subsequent studies will not include paced breathing conditions.  
Attention-demanding tasks have also been shown to result in an increased fC 
(Szabo et al., 1993), reduced HF power (Pagani et al., 1991; Delaney & Brodie, 
2000; Hjortskov et al., 2004) and increased LF power (Wood et al., 2002). Thus, 
it was hypothesised that the attention demanding nature of cadence control on 
the electronically braked cycle ergometer may influence HRV. In the present 
study, all HRV indices were similar between the conditions where cadence 
feedback was or was not available. This suggests that the conscious monitoring 
of cadence did not influence HRV. Therefore, the null hypothesis (H03) is 
accepted, which states that HRV was not affected by maintaining a FCC with and 
without cadence feedback. It may be that the task did not provide an adequate 
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mental challenge to stimulate a change in autonomic balance. Consequently, 
subsequent studies will involve a standardised cadence rather than use 
participants FCCs, and the cadence which should be used will be investigated in 
the next Chapter.  
5.5.1 IMPLICATIONS FOR SUBSEQUENT STUDIES 
It is likely that indices of HRV will change with greater exercise intensities, and 
result in an increase in both the rate and depth of ventilation as a consequence 
of the greater metabolic demand. Thus, care is required when designing studies 
that utilise HRV analysis to ensure that ventilation is either controlled or 
monitored to establish the influence these variables may have on HRV indices. If 
HRV indices were to be used to assess autonomic activity, a second autonomic 
measurement technique should be used which is not affected by changes in 
ventilation, to corroborate the HRV findings. 
Conscious control of cadence did not influence HRV indices. Hence, by 
standardising the cycling cadence rather than using a FCC, the variation in fR and 
VT may be reduced, as breathing can become entrained with the cycling 
cadence, thus providing some limited control of fR and would negate the need to 
enforce a predetermined breathing frequency which may potentially confound the 
results of subsequent studies.   
It may be that the amount of internal work performed, i.e. the amount of lower 
limb movement (cadence) may influence HRV indices. Studies investigating the 
cardiovascular effects of different cadences suggest that fC is increased by 
increasing cadence when power output is held constant (Gotshall et al., 1996; 
Denadai et al., 2005). Therefore, in addition to including higher intensities of work 
(100 W external work), the effect cadence has on HRV was investigated in 
Chapter Six. 
In conclusion, differences in breathing patterns influence indices of HRV, i.e. 
slower, deeper breathing increases HF power. Future studies that estimate 
autonomic activity using HRV during cycling exercise should consider the 
potential confounding effects that alterations in ventilation, exercise intensity 
and/or cycling cadence may cause, and may require the use of an additional 
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assessment tool to quantify autonomic activity, such as catecholamine 
concentrations, noradrenaline spillover or muscle sympathetic nerve activity. In 
addition, the paced breathing condition resulted in respiratory alkalosis, which in 
future studies in the planned programme of research would present an additional 
unnecessary physiological strain.  
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6. STUDY THREE: CHANGES IN SEATED CYCLING CADENCE INFLUENCE 
HEART RATE VARIABILITY  
6.1  INTRODUCTION 
In the previous two studies in this thesis (Chapters Four and Five), power output 
was held constant on an electronically braked cycle ergometer (0 Watts), and 
participants cycled at a freely chosen cadence (FCC), which ranged from 40 to 
80 revs.min-1. When cycling cadence was increased from 70 to 110 revs.min-1 
during exercise at a constant power output (200 W), an elevated cardiac 
frequency (fC) (5%), V O2 (15%) and cardiac output (35%) were reported 
(Gotshall et al., 1996). Other research groups have also established that faster 
cycling cadences elicit a greater metabolic cost (Foss & Hallen, 2004; Denadai 
et al., 2005). Despite the greater V O2  requirement at higher cadences, trained 
cyclists and non-cyclists preferred faster compared to slower cadences (Pandolf 
& Noble, 1973; Jameson & Ring, 2000; MacIntosh et al., 2000; Lucia et al., 
2001). Based on this information and the results presented in Chapters Four 
and Five, it may be that HRV indices differed due to a lack of a standardised 
cadence. That is, some of the HRV variation may be due to the use of a FCC 
and the differing amounts of internal work. 
Most research investigating HRV during cycling exercise has adopted 
standardised cadences (Yamamoto et al., 1991; Perini et al., 1998; Gonzalez-
Camarena et al., 2000; Perini et al., 2000; Leicht et al., 2008). Participants in 
several studies have used a FCC to maximise comfort (Lepers et al., 2001; 
Cottin et al., 2004), or did not report cadence information (Arai et al., 1989; 
Nakamura et al., 1993; Tulppo et al., 1998; Bartels et al., 2004). Therefore, the 
effect cadence has on indices of HRV is worthy of investigation to establish if it 
must be controlled in the subsequent studies in this thesis. The relationship 
between fC and cadence changes with increases in power output (Coast & 
Welch, 1985), consequently, cadence may also affect HRV. This HRV cadence 
relationship may also be altered at different power outputs, consequently 
unloaded and loaded cycling will also be investigated in this study. 
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Accordingly, the primary aim of the study was to investigate the effect different 
cadences have on HRV indices during exercise at a constant power output.  
6.2  HYPOTHESES 
It was hypothesised that: 
H0 Different cycling cadences will not affect HRV at a constant power 
output. 
H1 Faster cycling cadences with the same external work load will cause a 
reduction in Ln HF power and an increase in Ln LF:HF ratio.  
6.3  METHODS 
Sixteen healthy male volunteers (who were not trained cyclists) participated in 
the ethically approved study and gave their written informed consent to 
participate. Their average (SD) age, height, mass and sum of 8 skinfolds were: 
22 (3) years, 1.79 (0.07) m, 82.1 (11.4) kg and 87.8 (30.3) mm, respectively. 
The participants used in this study were similar to those used in the final two 
studies. Trained cyclists will be more used to a range of different cadences 
compared to untrained participants, and the response to the cycling cadences 
may be different to those of untrained participants. 
6.3.1 PROCEDURES 
The participants were familiarised prior to the data collection period with the 
equipment they would be instrumented with, and they performed all the 
conditions that would be performed during the data collection. 
Upon arrival at the laboratory participants underwent an anthropometric 
assessment (to characterise the participants body composition) and were then 
instrumented with an oro-nasal respiratory mask  and three-lead ECG for the 
subsequent analysis of ventilatory variables and HRV, described previously in 
Sections 3.4 and 3.6.  
A within-subject repeated measures design was used in this study where 
participants performed all the test conditions in one experimental session. The 
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first bout during the experimental session was always a ten-minute resting 
baseline condition; this was followed by eight, ten-minute bouts of cycling 
performed in a balanced order using a Latin square design (Table 6.1), cycling 
at four different cadences (40, 60, 80 and 100 revs.min-1). Each cadence was 
performed at two work rates, once at 0 Watts and 100 Watts. At the end of each 
bout participants indicated their ratings of perceived exertion (RPE) (Borg, 
1982). All conditions were performed on the same day and were separated by a 
10 to 20 minute recovery period, during which the fc and respiratory responses 
returned to baseline levels prior to starting the next condition.  
Table 6.1. The order of conditions following a Latin square design 
 Order 
 1 2 3 4 5 6 7 8 
































































































































0 W = 0 Watts, 100 W = 100 Watts,  
40, 60, 80 100 rpm = Cadence 40, 60 80, 100 revs.min-1  
 
The mean (SD) ambient temperature in the laboratory was 22.2 (1.4) °C and 
relative humidity 48.9(4.9) %. The PB was also recorded immediately prior to the 
start of each experimental session. 
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6.3.2 STATISTICAL ANALYSES 
The normal distribution of the data were verified by the Kolmogorov-Smirnov 
test of normality and the means (SD) are presented for all the measures of HRV 
and respiratory data.  
A two-way repeated measures ANOVA (cadence x power output) was used to 
investigate main and interaction effects of HRV indices and ventilatory 
variables. Significant differences were examined post-hoc by pairwise 
comparisons using the Bonferroni adjustment to correct for multiple 
comparisons. A non-parametric Freidman‘s ANOVA was used to analyse the 
RPE data. Pearsons product moment correlation coefficients were performed to 
establish the strength and direction of the relationship between HRV indices 
and ventilatory variables. Statistical significance was accepted at P<0.05.  
6.4 RESULTS 
6.4.1 CYCLING CADENCE 
During the unloaded exercise (0 Watts), participants maintained 40(1) revs.min-1 
60(1) revs.min-1, 80(1) revs.min-1, 100(2) revs.min-1 for the 40, 60, 80 and 100 
revs.min-1 cadence conditions respectively, and during the loaded exercise (100 
Watts)  41(2) revs.min-1, 60(1) revs.min-1, 80(1) revs.min-1 and 99(2) revs.min-1 
for the 40, 60, 80 and 100 revs.min-1 cadence conditions. 
There were no differences in any HRV or ventilatory variables between the rest 
and 0 Watts at 40 revs.min-1 conditions, but resting values did differ compared to 
the other exercise conditions.  
6.4.2 THE EFFECT OF CADENCE ON HRV  
The HRV during the loaded and unloaded conditions at each cadence are 
presented in Table 6.2.  
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UNLOADED CYCLING (0 WATTS) 
There were no differences in any variables between the 40 and 60 revs.min-1 
cadence conditions. There were also no differences in the Ln LF:HF ratio when 
comparing cadence conditions during unloaded exercise (0 Watts).  
Conversely, when comparing the 40 and 80 revs.min-1 cadence conditions there 
was an increase in fC (P=0.002) and decreases in R-R interval (P=0.006), Ln 
HF power (P=0.019), Ln LF power (P=0.018), and no change in SDNN, RMSSD 
and Ln Total power. Between the 40 and 100 revs.min-1 cadence conditions 
there was an increase in fC (P<0.001) and decreases in R-R intervals (P<0.001), 
SDNN (P=0.015), Ln Total power (P<0.001), Ln HF power (P<0.001), Ln LF 
(P<0.001), and no differences in RMSSD.  
At 60 revs.min-1 compared to 80 revs.min-1, fC was increased (P<0.001) and 
reductions were found in R-R intervals (P=0.007), Ln HF power (P=0.034), Ln 
LF power (P<0.001) and the SDNN, Ln Total power and RMSSD were not 
different. When the 60 revs.min-1 condition was compared to the 100 revs.min-1 
cadence, there were increases in fC (P<0.001) and decreases in R-R intervals 
(P<0.001), Ln Total power (P<0.001), Ln HF power (P<0.001), Ln LF power 
(P<0.001), the SDNN and RMSSD values were not different between the two 
conditions.  
Finally, there was also a significant increase in fC (P<0.001) and reductions in 
R-R intervals (P<0.001), SDNN (P=0.008), RMSSD (P=0.043), Ln Total power 
(P=0.008), Ln HF power (P<0.001). Ln LF power (P=0.003) when the 80 
revs.min-1 cadence condition was compared to 100 revs.min-1.   
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LOADED CYCLING (100 WATTS) 
When cycling cadences were compared at 100 W (Table 6.2), there were no 
differences in SDNN values in any cadence condition, there were also no 
differences in any variables between the 40, 60 and 80 revs.min-1 cadence 
conditions, with the exception that Ln Total power decreased from the 40 to 80 
revs.min-1 cadence conditions (P=0.036). However, differences in a number of 
HRV variables were found between the 100 revs.min-1 condition and the other 
cadences (40, 60 and 80 revs.min-1).  
Figure 6.1 Mean (SD) of log transformed low:high frequency power during 
seated cycling at different cadences with and without an external load (0 Watts, 
white bars, 100 Watts, black bars). * = different to rest P<0.05. † = different 40 
revs.min-1 P<0.05. n= 16. 
 
Cycling at 40 revs.min-1 compared 100 revs.min-1 resulted in an increase in fC 
(P<0.001) and a concomitant reduction in R-R intervals (P<0.001), as well as 
reductions in the Ln Total power (P=0.002), Ln HF power (P<0.001), Ln LF 
power (P=0.001). The SDNN, RMSSD and Ln LF:HF ratio were not different 
between the two cadences. During the 60 revs.min-1 condition compared to the 
100 revs.min-1 cadence, the fC (P<0.001) and Ln LF:HF ratio  (P<0.001) was 




















CHAPTER 6. SEATED CYCLING CADENCE INFLUENCES HEART RATE VARIABILITY  
108 
 
power (P=0.001), decreased, and the RMSSD and Ln Total power did not differ. 
Cycling at 80 revs.min-1 compared to 100 revs.min-1 resulted in an increase in fC 
(P<0.001) and the Ln LF:HF ratio (P<0.001), whilst  reductions in R-R intervals 
(P<0.001), RMSSD (P=0.044) Ln HF power (P<0.001), Ln LF power (P=0.001) 
occurred  and Ln total power did not differ between the conditions.  
6.4.3 EXERCISE INTENSITY AND HRV INDICES  
There were higher values during unloaded cycling (0 Watts) than during the 
loaded cycling (100 Watts) conditions for the following variables; R-R intervals 
(P<0.001), Ln total power (P<0.001), Ln HF (P<0.001) and Ln LF (P<0.001), 
and lower values for fC, (P<0.001), SDNN (P<0.001), Ln LF:HF ratio (P=0.014).  
The responses to the different cadences at each work rate were not the same, 
resulting in interaction effects (cadence x power output interaction). There was 
a significant interaction (P<0.001) for the fC data; during the unloaded cycling fC 
started to increase between 60 to 80 revs.min-1, whereas during loaded exercise 
the fC response due to changes in cadence occurred at a higher work rate 
(between 80 to 100 revs.min-1). The R-R data mirrored the same interaction 
effect (P<0.001). The SDNN declined with each increase in cadence during the 
unloaded condition, however it remained low during all cadences in the loaded 
condition (P=0.001). For the Ln total power, Ln HF power and Ln LF power 
variables significant interaction effects were observed between power output 
and cadence (all P<0.001), in the loaded cycling conditions (100 Watts) the 
power variables were reduced as cadence increased, but during the unloaded 
cycling conditions (0 Watts) the absolute reduction in the power variables was 
larger. The Ln LF:HF response to the different cadences formed a ‗U‘-shape 
during loaded cycling (Figure 6.1), with the higher values in the 40 and 100 
revs.min-1 conditions than the 60 and 80 revs.min-1 cadences. During the 
unloaded cycling conditions there was a small increase in Ln LF:HF ratio as 






Table 6.2. Mean (SD) heart rate variability data during seated cycling at different cadences with and without an external load. n=16. 
  CADENCE CONDITION 
























832(129) 769(159)bc 735(121)*bc† 659(69)*c† 582(57)*† 496(50)*c 498(70)*c 485(46)*c 435(49)* 
SDNN (ms)  79(38)   57(41)†   52(49)†   31(15)†   20(8)†   11(4)   11(5)   10(4)    8(2) 
rMSSD (ms)  62(51)   53(60)c†   44(60)c†   23(18)c†   11(8)†    4(3)c    5(4)c    5(2)c    3(2) 
Ln Total 
power (ms2) 
  8.4(0.9)   7.6(1.1)bc†   7.3(1.3)*c†   6.5(1.0)*c†   5.7(0.7)*†    4.5(0.8)*bc    4.5(1.0)*    4.2(0.9)*     3.8(0.8)* 
Ln LF 
Power (ms2) 
  7.2(0.7)   6.7(1.1)bc†   6.3(1.3)*c†   5.5(1.0)*c†   4.6(0.9)*†    3.0(1.1)*c    2.9(1.1)*c    2.7(1.1)*c     2.0(1.2)* 
Ln HF 
Power (ms2) 
  6.9(1.3)   6.3(1.4)bc†   6.0(1.7)*bc†   5.0(1.5)*c†   3.9(1.3)*†    2.4(1.1)*c    2.6(1.3)*c    2.4(1.1)*c     1.2(0.8)* 
* = different to rest,  
a = different to 60 revs.min-1 within power output,  
b = different to 80 revs.min-1 within power output, 
c = different to 100 revs.min-1 within power output.  
† = Cadence x power output interaction P<0.05.  
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6.4.4 VENTILATORY AND SUBJECTIVE RESPONSES TO CHANGES IN WORK RATE AND 
CADENCE  
The respiratory variables recorded during the rest, loaded and unloaded 
conditions at each cadence are presented in Table 6.3. The ventilatory 
variables were significantly smaller at rest compared to the unloaded and 
loaded cycling conditions (P<0.001), and loaded exercise also had larger 
values than the unloaded exercise conditions (P<0.001).  
With respect to the changes in cadence, during unloaded cycling all ventilatory 
variables were similar between the 40 and 60 revs.min-1 conditions, with V E, 
V O2 and V CO2  showing an increase between 40 and 80 revs
.min-1  (P=0.004) 
and 40 to 100 revs.min-1 (P<0.001). fR and VT were smaller at the 40, 60 and 80 
revs.min-1 cadences than the 100 revs.min-1 condition (all P<0.001). During the 
loaded cycling conditions, the fR and VT were larger at 100 revs
.min-1 than 40 
revs.min-1 (P=0.001, P=0.028). The V E, V O2 and V CO2  increased between the 
following conditions; 40 to 100 revs.min-1 (all P<0.001), 60 to 100 revs.min-1 (all 
P<0.001) and 80 to 100 revs.min-1 (all P<0.001). The RER did not differ in any 
of the cycling conditions and no interaction effects (cadence x power output) 
were found in any variable. In addition, during unloaded cycling RPE increased 
with each increase in cadence from 40 to 60 revs.min-1 (P=0.005), 60 to 80 
revs.min-1 (P=0.001), 80 to 100 revs.min-1 (P=0.02). RPE was also increased 
significantly from 40 revs.min-1 to 80 revs.min-1 (P=0.01), 40 to 100 revs.min-1 
and (P<0.001), 60 to 100 revs.min-1 (P<0.001). During the loaded cycling 
condition (100 Watts) the RPE at 40, 60 and 80 revs.min-1 did not differ, and 
only increased significantly from these cadences during the 100 revs.min-1 
condition (P=0.005, P<0.001, P=0.002, 40, 60 and 80 revs.min-1, respectively). 
The differences in the participants‘ RPE in response to changes in cadences at 
the two power outputs resulted in a significant interaction effect (P<0.001).  
Strong positive and negative correlations between ventilatory variables and 
HRV indices were established (Table 6.4) which may indicate an association 
between ventilatory variables and HRV indices, especially between Ln HF 



















* = different  to rest,  
a = different to 60 revs.min-1 within power output, 
b = different 80 revs.min-1 within power output, 
c = different 100 revs.min-1 within power output.  
  CADENCE CONDITION 


















VT (L)   0.6(0.2)   0.5(0.2)c   0.5(0.2)*c   0.6(0.2)*c   0.9(0.2)*   1.3(0.3)*c   1.3(0.3)*c   1.4(0.3)*c   1.6(0.3)*c 
fR  
(breaths.min-1) 
14 (3) 18(2)c 18(3)*c 20(4)*c 22(4)* 23(4)*c 23(5)*c 23(4)*c 29(6)* 
V E(L
.min-1)   6.4(1.9)   7.9(2.3)bc   8.2(2.8)*bc 10.5(3.8)*c 16.4(4.4)* 25.4(3.6)*bc 25.6(4.1)*bc 27.3(4.0)*c 34.8(8.3)* 
V O2(L
.min-1)   0.2(0.1)   0.3(0.1)bc   0.3(0.1)*bc   0.4(0.1)*c   0.7(0.2)*   1.2(0.1)*bc   1.2(0.1)*bc   1.2(0.1)*c   1.5(0.2)* 
RPE   6(1)   7(1)*abc   8(1)*bc   9(2)*c 10(2)* 12(2)*c 11(1)*c 12(1)*c 14(2)* 
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Table 6.4. Correlation matrix for the HRV and ventilatory variables. n=16 






























 0.818*  0.623*  0.898*  0.909*  0.919*  0.428* 
R-R Intervals 
(ms) 
-0.742* -0.585* -0.808* -0.829* -0.829* -0.406* 
SDNN (ms) -0.562* -0.448* -0.599* -0.625* -0.618* -0.361* 
rMSSD (ms) -0.780* -0.576* -0.854* -0.867* -0.866* -0.348* 
Ln Total 
power (ms2) 
-0.761* -0.644* -0.849* -0.864* -0.866* -0.411* 
Ln HF (ms2) -0.755* -0.643* -0.854* -0.865* -0.864* -0.406* 
Ln LF (ms2) -0.779* -0.658* -0.884* -0.894* -0.900* -0.406* 
Ln LF:HF 
(ms2) 




Figure 6.2 A scatter plot of the Ln High Frequency plotted against the mean 


















 0 Watts 40 revs.min-1  
 0 Watts 60 revs.min-1 
0 Watts 80 revs.min-1 
 0 Watts 100 revs.min-1 
100 Watts 40 revs.min-1 
100 Watts 60 revs.min-1 
 100 Watts 80 revs.min-1 
 100 Watts 100 revs.min-1 
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6.5  Discussion 
The present study tested the hypothesis that higher cadences would result in a 
reduction in HRV indices when power output was constant. Both the Ln Total 
and HF power declined as cycling cadence increased. Therefore, the null 
hypothesis (H0), which stated that HRV indices are unaffected by changes in 
cadence, is rejected. This leaves the alternative hypothesis (H1) that at a 
constant external power output, HRV indices change when cycling cadence is 
altered. Based on these data, the cadence was standardised in subsequent 
studies.   
The fC and ventilatory variables in this study were also elevated when cadence 
was increased; this finding supports previous research in which trained cyclists 
performed higher power outputs and faster cadences (Coast & Welch, 1985; 
Gotshall et al., 1996; Jameson & Ring, 2000; Lepers et al., 2001; Foss & 
Hallen, 2004; Denadai et al., 2005). In the present study, the profile of decline in 
Ln HF power was greater during the unloaded cycling than the loaded 
conditions. This shows that the potential for change in HRV, fC and ventilation at 
different cadences was greater in the unloaded exercise condition (0 Watts). 
During the loaded exercise the load was a greater influence than the cadence, 
though the 100 revs.min-1 did affect on fC, HRV and ventilation compared to 40 
revs.min-1. 
The most likely reason for the reduction in fC and HRV indices from the 
unloaded to loaded exercise conditions (0 W to 100 W), is the additional 
metabolic work required to maintain the pedalling cadence in the loaded 
exercise. The HRV data from the present study supports previous findings of a 
reduction in HRV frequency domain indices with increases in exercise intensity 
or power output (Arai et al., 1989; Bernardi et al., 1990; Rowell & O‘Leary, 
1990; Rimoldi et al., 1992; Saito & Nakamura, 1995; Gonzalez-Camarena et al., 
2000; Leicht et al., 2008). The parabolic nature of the Ln LF:HF data during the 
loaded exercise conditions (100 W) (Figure 6.1) may suggest a change in 
autonomic balance; where a PNS predominance exists during the intermediate  
cadences (60 and 80 revs.min-1) as less strength is required to maintain the 
cadence. Whereas at the lowest and highest cadences (40 and 100 revs.min-1), 
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increase in SNS activity and PNS withdrawal occurs because of the strength 
and speed requirements of the cadences which increases fC  and may explain 
the RPE results, which follow a similar pattern. When cycling against a 
resistance, the slowest cadence evokes the greatest resistance to pedalling and 
results in an increased force output to maintain the required cadence (Pandolf & 
Noble, 1973; Jameson & Ring, 2000). This has previously been shown to affect 
perceived exertion (Löllgen et al., 1975; Marsh & Martin, 1998).  
In the present study, the higher perceived exertion is likely to have been based 
upon changes in peripheral rather than central sensations of exertion as the 
power output was constant (100 W), and the fC and ventilatory responses to the 
60 and 80 revs.min-1 conditions were similar to those when cycling at 40 
revs.min-1. This suggests that the elevated RPE and Ln LF:HF ratio during 
loaded (100 W) cycling at 40 revs.min-1 were influenced by the increased force 
required to maintain the slow cadence. As a result, during the 40 revs.min-1 
condition (100 W) the Ln LF:HF ratio was greater than the subsequent two 
faster cadences (60 and 80 revs.min-1) despite similar fC and ventilatory 
variables. Consequently, the greater force required to maintain the 40 revs.min-1 
cadence may have resulted in a greater PNS withdrawal and SNS 
predominance compared to the 60 and 80 revs.min-1 conditions. 
The previous study (Chapter Five) and other research suggests that HRV 
indices may be linked to ventilatory variables (Angelone & Coulter, 1964; 
Eckberg, 1983; Saul et al., 1989; Novak et al., 1993). The similar HRV at rest 
and during unloaded cycling at 40 revs.min-1 may have been due to the similar 
ventilatory values in both conditions. The increase in ventilatory variables with 
an increase in cadence, and an increase in power output may also account for 
the changes in HRV indices. The ventilatory responses in this study were 
associated with the changes in HRV indices (Table 6.3). This agrees with 
previous research, which suggested that frequency domain HRV can be 
influenced by differences in ventilation (Angelone & Coulter, 1964; Eckberg, 
1983; Saul et al., 1989; Novak et al., 1993). Ventilation affects the LF power 
and the spectral component in which the breathing frequency is contained 
(Brown et al., 1993). With the exception of the loaded exercise at 100 revs.min-1 
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the breathing frequencies were positioned within the HF range (0.15 Hz to 0.40 
Hz), and may have been the cause of the blunted HF response. Yet, it is not 
universally agreed that ventilation influences HRV, HRV indices may be 
changed by exercise per se (Bartels et al., 2004).  
On the other hand, the time domain HRV data in this study also increased with 
increasing cadence and power output and was strongly correlated with 
ventilation. Therefore, the exact cause of the HRV indices cannot be 
determined, and caution is recommended when interpreting HRV data as an 
index of autonomic function. 
6.5.1  IMPLICATIONS FOR SUBSEQUENT STUDIES 
The uncertainty surrounding the interpretation of HRV data as an assessment 
tool to describe autonomic activity suggests that it should not be used as the 
sole measurement technique. Therefore, during subsequent experiments 
determination of plasma catecholamine concentrations will be made as a further 
indirect measurement of SNS activity.   
Based on the data from this study and the previous study (Chapter Five), the 
cadence was standardised for subsequent studies. The standardised cadence 
chosen was 60 revs.min-1; which was close to the mean value of the FCC in the 
previous study. In addition, during the present study the HRV indices found 
during the 60 revs.min-1 cadence conditions were close to the resting values in 
Chapter Five, and did not result in an increased local fatigue, which was 
reported by participants during the loaded cycling condition at 40 revs.min-1. 
It is concluded that at a constant power output, HRV indices were influenced by 
changes in cadence. The HRV indices were also affected when power output 
was increased and cadence controlled. This may suggest that PNS withdrawal 
occurs as cycling cadence is increased, whilst external power output was held 
constant, or when cadence is controlled and power output is increased. 
However, care is required before arriving at this conclusion, as V E and its 
components were also elevated when cycling cadence or power output were 
increased and these may affect HRV frequency domain indices, particularly the 
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high frequency band. Future studies that estimate autonomic activity (using 
HRV) during cycling exercise should standardise cadence and power output 
and consideration should be given to the potentially confounding effects that 
changes in ventilation may cause.  
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7. STUDY FOUR: AUTONOMIC ACTIVITY DURING REPEATED ACUTE 
HYPOXIC EXPOSURES 
7.1 INTRODUCTION 
Exposure to an environmental stressor such as hypoxia is considered to be a 
potent stimulator of the SNS nervous system (Rostrup, 1998). Studies which 
have examined HRV as an indicator of autonomic function during hypoxia have 
report mixed findings. Such investigations have indicated that during exposure 
to hypoxic conditions HRV remains unchanged (Favier et al., 1996; Bernardi et 
al., 2001a), alternatively LF power may be elevated (Bernardi et al., 2001b; 
Kanai et al., 2001; Povea et al., 2005; Iwasaki et al., 2006), or HF power 
decreased (Zuzewicz et al., 1999; Lucy et al., 2000; Saito et al., 2005). 
Moreover, both an increase in LF power and a reduction in HF power have also 
been noted (Ponchia et al., 1994; Perini et al., 1996; Yamamoto et al., 1996; 
Sevre et al., 2001). The differences in the HRV results may be due to: the range 
of exercise intensities performed (from rest to V O2 max); the techniques used to 
analyse the HRV data (Autoregression, Fast Fourier Transforms to non-linear 
methods, see Annex A for further details); the environmental conditions the 
participants were exposed to (the type of exposure normobaric hypoxia or 
hypobaric hypoxia, altitude ranging from sea level to 5500 m above sea level or 
hypoxic equivalent) and the populations studied (sea level dwellers and high 
altitude natives).  
An augmented SNS response to altitude has been reported in individuals that 
developed AMS or susceptible to high altitude pulmonary oedema, compared to 
those who did not (Hoon et al., 1976; Duplain et al., 1999; Kamimori et al., 
2009). An assessment of AMS symptom development has been used to identify 
individuals who may be at risk of altitude illness (Rathat et al., 1992). The 
assessment investigates cardio-respiratory responses at rest and during  
exercise in normoxic and hypoxic conditions (Rathat et al., 1992), and recent 
investigations have analysed HRV indices during this assessment (Buchheit et 
al., 2004). Others have found that individuals who report AMS symptoms during 
exposure to hypoxia or altitude also have an increase in the HRV ratio between 
low and high frequency power (LF:HF ratio) at rest (Loeppky et al., 2003; 
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Lanfranchi et al., 2005; Chen et al., 2008). This suggests that individuals with 
symptoms of AMS may have a withdrawal of PNS activity and SNS 
predominance. Symptoms of AMS may be exacerbated by physical exertion 
(Roach et al., 2000). Consequently, based upon HRV data, individuals who are 
more likely to develop symptoms of AMS may be more easily identified if an 
exercise stressor is introduced to the assessment. 
Previous research has reported that changes in HRV indices occur when 
exposed to hypobaric hypoxia, and further reductions were found when 
exercising at 50 % V O2 max , but not at higher exercise intensities (Zupet et al., 
2009). This finding supported previous research (Seals et al., 1991) which 
showed that both exercise and hypoxia cause separate sympatho-excitory 
activity which when combined, cause an interaction of the two stimuli that 
appears to be additive. The study of Seals et al (1991) was performed using 
neurography, a direct assessment of autonomic activity, rather than HRV. In 
contrast, Buchheit et al (2004) identified changes in HRV as a consequence of 
exercise 50% (V O2 max), but no additional effect of hypoxia.  It is possible that 
the exercise component may have been of sufficient intensity to minimise HRV. 
The divergent results in these studies (Buchheit et al., 2004; Zupet et al., 2009) 
may be due to the different methods of HRV analysis (FFT versus Poincaré 
plots), the use of different methods of simulating altitude (hypobaric chamber 
versus hypoxic chamber) and the levels of hypoxia and the duration of the 
exposures that were adopted. Currently, the available data on the combined 
effects of exercise and hypoxia on indices of HRV are equivocal.  
Contrasting findings regarding the reliability of HRV data during normoxic rest 
and exercise have been previously reported. Gerin and colleagues (1993) 
suggested that HRV is not a reliable index, whereas Amara and Wolfe (1998) 
and the study in Chapter Four of this thesis indicate that Ln HF power is reliable 
during exercise, but LF power HRV is not. Nevertheless, the reliability of HRV 
has not been assessed during hypoxic conditions when at rest or during 
exercise. Therefore, if the HRV indices were to be added to an assessment of 
the responses to altitude or hypoxia, an assessment of the reliability of the 
measurement technique should be established in those conditions. If HRV 
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indices were not reliable, the use of an alternative measurement technique, 
which is not influenced by ventilation, would be required to monitor autonomic 
activity.  
High altitude exposure also induced elevated SNS activity which persisted for 
three days after returning to sea level (Hansen & Sander, 2003). Recent 
evidence suggests that elevated SNS activity may continue after removal from 
the hypoxic environment when exposed to intermittent hypoxia or a number of 
short acute bouts of hypoxia (Mitchell et al., 2001; Xie et al., 2001; Wadhwa et 
al., 2008). These studies provide evidence that a lasting SNS neural over-
reactivity (Long Term Facilitation, LTF) in response to hypoxia may occur, even 
after removal from the environment. However, longer recovery periods have not 
been investigated, and the length of time the LTF remains after the final hypoxic 
exposure has not been determined. The subsequent study in this programme of 
research (Chapter Eight) relies upon similar autonomic responses (HRV and 
catecholamine concentrations) to repeated hypoxic exposures. Therefore, it is 
necessary to establish that LTF is no longer present during the subsequent 
hypoxic exposures. If LTF is evident, a longer time period between the hypoxic 
exposures would need to be considered in the design of the next experiment 
(Chapter Eight).  
The present study aimed firstly to establish if resting and exercising HRV 
indices would be affected by the addition of acute hypoxia (FIo2 0.15). Secondly, 
if a second bout of hypoxic exposures performed 96 hours later was influenced 
by the LTF from the first. Finally, the reliability of HRV indices were assessed in 
normoxic and hypoxic conditions when at rest and whilst undertaking moderate 
intensity exercise. 
7.2 HYPOTHESES  
It was hypothesised that: 
H01 HRV and catecholamine concentrations will not differ during hypoxic and 
normoxic exposures at rest or during exercise. 
HA1 HRV and catecholamine concentrations will be affected by hypoxic 
exposures at rest or during exercise. 




H02 There will be no differences in the respiratory and autonomic responses 
at rest and during cycling exercise during two acute hypoxic exposures 
separated by 96 hours.  
HA2 The respiratory and autonomic responses at rest and during cycling 
exercise during two acute hypoxic exposures separated by 96 hours will 
be different.  
 
H03 The HRV indices when resting and exercising whilst exposed to normoxic 
and hypoxic conditions will be reliable when repeated after a 96 hours 
interval.  
HA3 The HRV indices when resting and exercising whilst exposed to normoxic 
and hypoxic conditions will not be reliable when repeated after a 96 
hours interval.  
7.3 METHOD 
Twelve healthy male volunteers gave their written informed consent to 
participate in the ethically approved study. Their average (SD) age, height, 
mass, sum of 8 skinfolds and V O2 max were: 23 (4) years, 1.80 (0.09) m, 80.4 
(13.0) kg, 73.7 (27.5) mm and 4.5 (0.7) L.min-1, respectively.  
7.3.1 PROCEDURES 
Participants visited the laboratory on four occasions. During the first visit, they 
completed health history questionnaires, which were checked for any contra 
indications to participation. Following this, the participants attended a medical 
appointment with the independent medical officer or deputy who conducted a 
medical examination. 
During the second visit, participants undertook a V O2 max test on a cycle 
ergometer, completed an anthropometric assessment and were familiarised 
with the study procedures and equipment, including cannulation and the use of 
normoxic and hypoxic gases. As part of the familiarisation session participants 
performed the following protocol: 
1. Seated rest (3 min) 
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2. Unloaded seated cycling (0 Watts) (3 min) at 60 revs.min-1  
3. Loaded seated cycling (100 Watts) (3 min) at 60 revs.min-1.  
This session was designed to familiarise participants with the equipment and 
procedures that were used during the data collections.  
On arrival at the laboratory, for the third and fourth visits, participants were 
instrumented with an oro-nasal mask, a three-lead ECG and pulse oximeter 
finger probe, for subsequent analysis of ventilatory variables, HRV and SPo2 
respectively as described in Sections 3.4 to 3.6. At this stage, six participants 
were cannulated, extension kits attached and then all participants completed 
the Brunel mood questionnaire, in accordance with Section 3.8. Blood sampling 
was performed on six volunteers due to the cost of the sample analysis and 
disposables required. After a 20-minute period of complete rest, baseline 
measurements were recorded and the experiment was started. The three 
conditions (ten minutes of seated rest, unloaded cycling [0 Watts] and loaded 
cycling at 100 W) were performed twice during each experimental day, once 
whilst breathing normoxic air, and another whilst breathing a hypoxic gas 
mixture (FIo2 0.21 and 0.15 respectively). The order in which the gas mixtures 
and conditions were performed was balanced using a Latin square (Table 7.1). 
After each condition, a blood sample (10 mL) was drawn from the cannula (in 
cannulated participants) and participants were returned to breathing normoxic 
air to recover baseline values. This recovery period varied between 10 to 20 
minutes.  
Table 7.1 Latin square order of condition presentation  
 Order 
 1 2 3 4 5 6 
1 NR HR NE (UL) HE (UL) NE (L) HE (L) 
2 HR HE (L) HE (UL) NE (UL) NR NE (L) 
3 NE (UL) HE (UL) NE (L) HE (L) HR NR 
4 HE (UL) NR HE (L) NE (L) NE (UL) HR 
5 NE (L) NE (UL) NR HR HE (L) HE (UL) 
6 HE (L) NE (L) HR NR HE (UL) NE (UL) 
NR = Normoxic rest, HR = Hypoxic rest, NE = Normoxic exercise, HE = Hypoxic 
exercise, UL = unloaded cycling 0 Watts, L = Loaded cycling 100 Watts 
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The room was maintained at a mean (SD) ambient temperature of 22.0 (0.7) °C 
and relative humidity 48 (10) %, PB was recorded immediately prior to the start 
of each experimental session.  
7.3.2 HYPOXIC CONDITIONS 
Both hypoxic and normoxic breathing environments were produced by inspiring  
gas mixtures in a reservoir from a compressed supply (BOC, Special Gas) 
through a respiratory mask. The FIo2 during the hypoxic and normoxic 
exposures were 0.15 and 0.2093 respectively. The gas mixtures were both 
compressed, dry and the hypoxic gas contained CO2 (FIco2 between 0.005 – 
0.01). To prevent hypercapnia the CO2 was removed using a soda lime 
scrubber (Durasorb, CMVI, UK) (Figure 7.1). This process of CO2 removal 
produces water as a by-product, this was regularly drained from the system to 
prevent the water reacting with the soda lime. Breathing directly from this dry 
gas supply would dry the mucus membranes and result in bronchoconstriction 
(Ray et al., 1991). The gas mixture was piped into the humidification circuit 
shown in Figure 7.2, where the gas was humidified by being bubbled through 
deionised water at room temperature. The water in the humidification system 
was changed on a weekly basis to prevent bacterial growth. Once the gas had 
passed through the humidification circuit, it was collected in a breathing bag and 
inspired by the participant through the oro-nasal mask. The O2 and CO2 
concentrations of the bags were checked at the start and the end of each 
condition. 
 
Figure 7.1. The CO2 scrubber connected to the compressed hypoxic gas 
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Each hypoxic exposure was limited to a maximum of 10 minutes, or participants 
were withdrawn upon reaching an SPo2 of 82 %, whichever occurred first. At the 
end of each period of hypoxia participants were immediately returned to 
breathing ambient normoxic air. 
 
 
Figure 7.2.  A schematic diagram of the inspiratory loop (left), adapted from 
Bannister et al. (1993). Right, a participant performing seated cycling exercise 
whilst breathing through the inspiratory loop. 
7.3.3 PHLEBOTOMY AND SUBSEQUENT ANALYSIS 
Blood samples were collected from the intra-venous cannula immediately after 
each condition and analysed in accordance with Section 3.7.  
7.3.4 DATA ANALYSES  
The ECG waveform was analysed using HRV analysis software (KubiosHRV 
version 2.0, Biosignal Analysis and Medical Imaging Group, University of 
Kulpio, Finland) as described in Section 3.6, and the instrumentation and 
analysis of the ventilatory variables was in accordance with Section 3.4. 
7.3.5 STATISTICAL ANALYSES 
All statistical analyses were performed using SPSS version 15. The normal 
distribution of the data was verified by Kolmogorov-Smirnov test of normality, 
with the data presented as mean (SD). A factorial ANOVA with repeated 
measures (Day x Oxygen level x Exercise), was used to investigate between 
condition differences in catecholamine concentrations, respiratory variables as 
well as time and frequency domain HRV. Significant differences were examined 
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post-hoc by pairwise comparisons with a Bonferroni correction for multiple 
comparisons. Statistical significance was accepted at P<0.05. Due to the small 
number of catecholamine samples which were analysed, a non-parametric 
Friedman‘s ANOVA with Wilcoxon tests (Bonferroni adjusted) for post-hoc 
analysis was used. To assess the reliability of the measurements, both 
coefficients of variation (Hopkins, 2000a) and intra-class correlation coefficients 
(ICC) and 95 % confidence intervals were calculated, the threshold for reliability 
was set at 10 % and a correlation in excess of 0.8 respectively, in accordance 
with Baumgartner and colleagues (2003) and Vincent (2005). The variables 
were considered reliable if they met both of the a priori criteria. The differences 
in response to normoxic and hypoxic exercise in the hypoxic sensitive (HS) and 
hypoxic insensitive (HI) groups were compared using Mann Whitney U tests. 
7.4 RESULTS 
There were no statistically significant differences between the two experimental 
days for any variables. The mean data of the two experimental days are 
presented in this section. 
7.4.1 HRV AND CATECHOLAMINE CONCENTRATIONS IN NORMOXIC VERSUS 
HYPOXIC CONDITIONS  
When comparing normoxic to hypoxic environments at rest (Table 7.1), there 
was an increase in fC (P=0.049) and a reduction in R-R intervals (P=0.011) in 
the hypoxic environment, but there were no differences in any other HRV 
indices, or plasma volume corrected adrenaline and noradrenaline 
concentrations. Similarly, during unloaded exercise in hypoxia compared to 
normoxia fC (P=0.038) was increased and there was a concomitant decrease in 
R-R intervals (P=0.037) and RMSSD (P=0.023), whereas SDNN, Ln total 
power, Ln HF power, Ln LF power, Ln LF:HF ratio, plasma volume corrected 
adrenaline and noradrenaline concentrations did not differ. Furthermore, during 
loaded exercise in hypoxia compared to normoxia there were increases in fC 
(P=0.009), plasma volume corrected adrenaline (P<0.001) and noradrenaline 
concentrations (P=0.002) (Figures 7.4 and 7.5). Reductions occurred in R-R 
intervals (P=0.005), Ln total power (P<0.001), Ln HF power (P=0.009), Ln LF 
power (P=0.001), Ln LF:HF ratio (P=0.017) whereas  SDNN and RMSSD did 
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not differ. The exercise stimulus had more impact upon Ln HF power than 
exposure to hypoxia (Figure 7.3). 


















*P<0.05 Different to normoxic conditions, † P<0.05 Different to 100 W. 
     Rest Unloaded Cycling (0 Watts) Loaded cycling (100 Watts) 
 Normoxia Hypoxia Normoxia Hypoxia Normoxia Hypoxia 
fC (beats
.min-1) 60(9)† 63(8)*† 72(10)† 77(8)*† 114(16) 129(14)* 
R-R interval (ms) 978(156)† 911(163)*† 794(120)† 741(86)*† 503(62) 464(60)* 
SDNN (ms) 83(51)† 75(36)† 53(26)† 42(15)† 12(5) 11(6) 
RMSSD (ms) 88(67) 72(46) 50(34) 31(16)* 10(7) 8(6) 
Ln Total power (ms2)      7.5(1.2)†       7.5(0.9)†       6.8(0.8)†       6.4(0.8)†          3.7(0.9)         2.6(1.1)* 
Ln HF power (ms2)     6.6(1.4)†       6.3(1.2)†      5.5(1.1)†      4.9(0.8)†         2.2(1.2)        1.3(0.7)* 
Ln LF power (ms2)     6.2(1.0)†      6.4(1.1)†      5.9(0.6)†      5.7(0.9)†         2.6(1.1)       1.9(0.9) 
Ln LF:HF ratio      1.0(0.2)†     1.0(0.2)†      1.1(0.2)†     1.2(0.2)†        1.3(0.4)         1.7(0.4)* 
       
 




Figure 7.3. Mean (SD) Log transformed high frequency power against SPo2.  




Figure 7.4. Mean (SD) Plasma volume corrected adrenaline concentrations during 
hypoxic and normoxic rest and cycling. * = difference between normoxic and 
hypoxic exposures (P<0.05), a = different to resting condition (P<0.05), b = 
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Figure 7.5. Mean (SD) plasma corrected noradrenaline concentrations during 
hypoxic and normoxic rest and cycling. See Figure 7.4 for further details. n=6 
7.4.2 VENTILATORY VARIABLES IN NORMOXIC VERSUS HYPOXIC CONDITIONS 
The ventilatory variables observed during the normoxic and hypoxic exposures are 
shown in Table 7.3. During the hypoxic exposures SPo2 was significantly reduced 
in all three conditions compared to the normoxic equivalent (P<0.001, for the rest, 
unloaded cycling and 100 W of cycling conditions). When the responses to the 
normoxic and hypoxic environments were compared during the resting condition 
and during unloaded cycling exercise, there were no differences in fR, VT, V O2  and 
V CO2, while a small but significant increase in VT and V E was found between the 
normoxic and hypoxic exposures during loaded cycling exercise (P=0.025, 
P=0.021). Furthermore, significant increases in RER were observed during 
hypoxic unloaded and loaded cycling conditions compared to the corresponding 
normoxic exposures (P=0.001 and P=0.032 respectively).  
7.4.3 SUBJECTIVE ASSESSMENT 
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7.4.4 SENSITIVITY TO HYPOXIA 
Participants were separated into two groups, those who were sensitive to 
hypoxia (Hypoxic sensitive [HS], n=6) who showed the largest increase in 
fC and V E between the normoxic and hypoxic loaded exercise conditions, 
and those who were insensitive to hypoxia (Hypoxic insensitive group [HI], 
n=6); having the smallest change in fC and V E between normoxic and 
hypoxic loaded exercise conditions. When comparing the HS with HI groups 
during the normoxic and hypoxic exposures there were no differences in the 
responses during the rest and unloaded exercise conditions. During loaded 
exercise in hypoxia the HS group had a larger V E than the HI group 
(P=0.025). In addition when the changes between normoxic and hypoxic 
responses were examined, there were significant differences between the 
HS and HI groups for fC (P=0.044), R-R intervals (P=0.001) and V E 
(P=0.028). No other differences were observed between the two groups, 
including SPo2 values (Figure 7.4). 
















*P<0.05 Different to normoxic conditions, † P<0.05 Different to 100 W 
    
 Rest Unloaded Cycling (0 W) Loaded Cycling (100 W) 
 Normoxia Hypoxia Normoxia Hypoxia Normoxia Hypoxia 
fR (breaths
.min-1) 13(3)† 13(3)† 16(3)†    15(4)†   20(4)   20(4) 
VT (L)   0.9(0.3)†   1.1(0.4)† 1.1(0.4)†  1.4(0.6)† 2.5(0.8) 3.1(1.2)* 
V E (L
.min-1)  9.8(2.4)† 10.7(3.2)† 14.9(3.5)† 17.1(5.9)†   41.0(7.6) 48.8(14.6)* 
V O2 (L
.min-1)  0.4(0.1)†   0.4(0.1)† 0.7(0.2)†  0.7(0.3)† 2.1(0.5) 2.7(0.8) 
V CO2 (L
.min-1)  0.4(0.1)†   0.4(0.1)† 0.6(0.2)†  0.7(0.2)† 2.0(0.4) 2.1(0.6) 
RER 1.0(0.1) 1.0(0.1) 0.8(0.1)†  1.0(0.2)* 0.9(0.1) 1.1(0.1)* 
SPo2 (%) 98. 2(2.1) 92.7(2.8)*† 98.5(2.0) 91.9(3.0)*†   98.2(2.0) 89.6(2.9)* 






Table 7.4. Mean (SD) heart rate variability indices and ventilatory variables  and the change in the variables between normoxic 
















* Different to HI, P<0.05 
 
 Loaded Cycling 
 Normoxia Hypoxia Mean Difference  
 HI HS HI HS HI HS 
SPo2(%)   97.6(1.7)   98.0(1.5)   89.9(3.1)   90.1(2.0)  -7.3(2.6)   -7.8(1.6) 
fC (beats
.min-1) 116(11) 113(9) 125(17) 135(11) 10(6)  22(8)* 
R-R interval (ms) 492(81) 503(32)  481(72) 444(37) 11(12) -58(21)* 
SDNN (ms)   12(7)   13(2)   12(7)     9(5)   0(3)   -3.5(6) 
rMSSD (ms)   11(9)   10(5)   10(8)     6(2)  -1(1)   -4(5) 
Ln Total power (ms2)    3.6(1.1) 3.6(0.7)   2.6(1.4)  2.6(0.9)  -1(1)   -1(1) 
Ln HF power (ms2)    2.3(1.5) 2.1(0.8)   1.4(0.7)  1.1(0.6)  -0.8(0.8)   -0.9(0.8) 
Ln LF power (ms2)    2.6(1.1) 2.5(0.9)   2.0(0.9)  1.9(0.7)   0.6(0.5)   -0.6(0.6) 
Ln LF:HF ratio (ms2)    1.3(0.4) 1.2(0.4)   1.6(0.3)  1.8(0.2)   0.6(0.1)    0.6(0.6) 
fR (breaths
.min-1)  18(4) 21(3)    17(4)   21(4)  -0.8(1.1)    0.6(1.5) 
VT (L)   2.5(0.9) 2.6(0.7)   2.9(1.3)  3.1(1.2)   0.3(0.4)    0.5(0.6) 
V E (L
.min-1) 40.0(3.4) 45.3(3.0) 42.6(2.6)   57.4(10.7)*   2.6(4.0)  12.1(7.7)* 
V O2 (L
.min-1)   1.9(0.4) 2.0(0.2)  1.8(0.3) 2.0(0.3)   0.2(0.2)    0(0.3) 
V CO2 (L
.min-1)   1.8(0.1) 1.9(0.4)  1.8(0.3) 2.1(0.3)   0(0.2)    0.2(0.1) 
RER   0.9(0.1) 0.9(0.1)  1.0(0.1) 1.0(0.1)  0.1(0.1)  0.1(0.1) 
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7.4.5 RELIABILITY OF HRV DURING REST AND EXERCISE IN NORMOXIC AND HYPOXIC 
CONDITIONS   
The ICCs and coefficients of variation for the HRV and catecholamine data are 
shown in Tables 7.5 and 7.6. For the time domain HRV, fC and R-R intervals 
(CV ranged from 3.3 % to 7.4 %, ICC ranged from r=0.81 to r=0.96) met both 
the ICC and CV criteria (r>0.8 and CV <10 %) in all conditions. In contrast, the 
SDNN and RMSSD values did not meet the CV criteria in any condition (CV 
values ranging from 10.7 % to 32 %), and the ICC criteria were not met in the 
majority of conditions. With respect to the frequency domain HRV, the a priori 
criteria were met during normoxic rest and unloaded cycling, and during the 
resting condition when exposed to hypoxia (CV ranged from 2.8 % to 9.5 % and 
ICC range r=0.85 to r=0.96). Additionally, the CV and ICC criteria were not met 
during either normoxic or hypoxic exposures when performing the loaded 
cycling condition or during unloaded cycling in hypoxia (CV ranged from 7.6 % 
to 60.0 %, ICC ranged from r=0.4 to r=0.87). The plasma corrected adrenaline 
and noradrenaline concentrations met the reliability criteria (CV‘s were between  
2 % and 9 % and ICC ranged from r=0.81 to r=0.97). Therefore, the fC, R-R 
intervals and catecholamine data were reliable during all conditions, whereas 
the frequency domain HRV indices were reliable during the rest conditions and 
during unloaded exercise in normoxia, but were not during the other conditions. 
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Table 7.5. Co-efficients of variation (%) for HRV and plasma volume corrected 
catecholamine concentrations during rest, unloaded and loaded cycling 
exercise in normoxic and hypoxic conditions (FIo2 0.15), n=12.  
 
 
 Rest Unloaded Cycling Loaded Cycling  
 Normoxia Hypoxia Normoxia Hypoxia Normoxia Hypoxia 
fC  
(beats.min-1) 
4.7 4.9 7.4 4.6 4.1 5.0 
R-R interval 
(ms) 
3.5 4.0 6.6 5.0 3.3 4.6 
SDNN (ms) 15.8 11.9 25.0 27.0 20.1 17.3 
RMSSD (ms) 10.7 14.4 17.9 15.5 32.2 16.9 
Ln LF(ms2) 3.9 7.5 8.2 10.2 30.2 43.8 
Ln HF(ms2) 3.7 7.0 9.4 12.7 15.8 48.2 
Ln Total 
power (ms2) 
2.8 4.1 7.5 7.6 13.0 60.0 
Ln LF:HF 
ratio  
4.9 7.7 9.5 9.4 13.9 14.5 
Adrenaline  
(pg.mL-1) n=6 
3.1 8.9 0.9 6.6 4.9 1.6 
Noradrenaline 
(pg.mL-1) n=6 
3.1 2.2 2.8 7.1 1.4 8.7 
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Table 7.6. Intra Class Correlation coefficients (95% confidence intervals) for HRV and plasma volume corrected catecholamine 
concentrations during rest, unloaded and loaded cycling exercise in normoxic and hypoxic conditions (FIo2 0.15), n=12 
 
 Rest Unloaded Cycling Loaded Cycling  




(0.82 to 0.97) 
0.92 
(0.80 to 0.97) 
0.81 
(0.50 to 0.92) 
0.81 
(0.53 to 0.93) 
0.92 
(0.82 to 0.97) 
0.82 
(0.53 to 0.94) 
R-R interval (ms) 
0.96 
(0.85 to 0.98) 
0.93 
(0.82 to 0.97) 
0.83 
(0.58 to 0.94) 
0.82 
(0.55 to 0.93) 
0.93 
(0.80 to 0.97) 
0.87 
(0.65 to 0.95) 
SDNN (ms) 
0.96 
(0.90 to 0.98) 
0.93 
(0.80 to 0.97) 
0.57 
(0.11 to 0.83) 
0.28 
(-0.25 to 0.68) 
0.77 
(0.45 to 0.92) 
0.93 
(0.81 to 0.98) 
RMSSD (ms) 
0.97 
(0.92 to 0.99) 
0.95 
(0.85 to 0.98) 
0.97 
(0.93 to 0.99) 
0.90 
(0.74 to 0.96) 
0.85 
(0.61 to 0.94) 
0.94 
(0.84 to 0.98) 
Ln LF (ms2) 
0.94 
(0.83 to 0.98) 
0.85 
(0.61 to 0.94) 
0.89 
(0.65 to 0.99) 
0.59 
(0.14 to 0.84) 
0.85 
(0.61 to 0.94) 
0.87 
(0.65 to 0.96) 
Ln HF (ms2) 
0.96 
(0.90 to 0.98) 
0.88 
(0.70 to 0.96) 
0.81 
(0.76 to 0.95) 
0.40 
(-0.12 to 0.74) 
0.81 
(0.53 to 0.93) 
0.72 
(0.34 to 0.89) 
Ln Total power (ms2) 
0.96 
(0.91 to 0.99) 
0.89 
(0.72 to 0.96) 
0.88 
(0.72 to 0.94) 
0.64 
(0.21 to 0.86) 
0.83 
(0.59 to 0.94) 
0.63 
(0.19 to 0.85) 
Ln LF:HF ratio 
0.89 
(0.71 to 0.96) 
0.85 
(0.62 to 0.94) 
0.87 
(0.70 to 0.93) 
0.70 
(0.31 to 0.88) 
0.73 
(0.37 to 0.91) 
0.81 




(0.99 to 0.93) 
0.96 
(0.89 to 0.99) 
0.99  
(0.98 to 0.99) 
0.86 
(0.78 to 0.95) 
0.98 
(0.94 to 0.99) 
0.97 




(0.87 to 0.95) 
0.98 
(0.96 to 0.99) 
0.95 
(0.93 to 0.96) 
0.81 
(0.74 to 0.90) 
0.94 
(0.92 to 0.95) 
0.83 
(0.79 to 0.89) 
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7.5 DISCUSSION  
The present study found that the addition of hypoxic conditions (FIo2 0.15) 
augmented the HRV and catecholamine responses to loaded cycling (100 W). 
In contrast, there were no differences in any HRV indices between normoxic 
and hypoxic exposures when resting or during the unloaded exercise (0 W) 
conditions. Therefore, the hypothesis (H01) which stated that HRV and 
catecholamine concentrations would not differ during hypoxic and normoxic 
exposures at rest or during exercise, is accepted during resting and unloaded 
exercise conditions, but rejected during loaded exercise. This is in contrast to 
others, who reported that rest in hypoxia or hypobaric hypoxia resulted in a 
decrease in total power (Hughson et al., 1994; Sevre et al., 2001), a decrease 
in LF power and HF power (Ponchia et al., 1994; Perini et al., 1996; Bernardi et 
al., 1998; Saito et al., 2005; Zupet et al., 2009), a reduction in HF power and an 
increase in LF power (Hughson et al., 1994; Yamamoto et al., 1996), a 
reduction in HF power (Buchheit et al., 2004), or an increase in LF power and 
no change in HF power (Iwasaki et al., 2006).  
In contrast to the present study, catecholamine concentrations were elevated 
when resting at altitude or in hypoxic conditions; indicating an increase in SNS 
activity (Hale et al., 1973; Hoon et al., 1976; Mazzeo et al., 1991). Other studies 
agree with the findings of this study, where catecholamine concentrations were 
increased during hypoxic exercise exposures in comparison to normoxic 
exercise (Escourrou et al., 1984; Antezana et al., 1994; Hopkins et al., 2003). 
The disparity between the studies investigating HRV and catecholamine 
concentrations and the findings of the present research may be due to the level 
of hypoxia or the methods of HRV and catecholamine analysis used. In studies 
mentioned earlier that observed an effect at rest, the level of hypoxia exposed 
to was greater as the approximate simulated altitude environments were 
between 3500 m and 5000 m above sea level (an FIo2 of between 0.14 and 
0.116). This would provide a greater hypoxic stimulus than that used in the 
present study. 
The introduction of hypoxia when exercising results in an additional 
physiological strain compared to exercise in normoxic conditions, for example in 
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the present study during exercise at 100 W, fC, Ln LF:HF power and 
catecholamine concentrations were increased, and R-R intervals and Ln HF 
power reduced with the addition of hypoxia. These results support the study of 
Zupet et al (2009), but are in contrast to the findings of Buchheit and colleagues 
(2004). In the present study, lower intensities of exercise were performed (0 W 
= 20[4] % normoxic V O2 max  and 100 W = 44[7] % normoxic V O2 max) than those 
in the studies of Buchheit and colleagues (2004) and Zupet et al (2009) (both 
studies using 50 % of normoxic V O2 max). In the present study, the separate 
effects of exercise and hypoxia on HRV indices were established at the higher 
absolute work rate (100 W). This was a lower relative intensity of exercise than 
that used by Buchheit et al (2004), and raises the possibility that the exercise 
stimulus used in that study may have reduced HRV maximally prior to the 
introduction of hypoxia. Consequently, due to the lower exercise intensity 
adopted in this study the additional, but smaller, effect hypoxia has on HRV 
indices was found during the loaded hypoxic exercise condition compared to 
loaded cycling exercise in normoxia.  
The reduction in Ln HF power and increase in Ln LF:HF ratio during normoxic 
and hypoxic exercise relative to the resting condition may be interpreted as a 
withdrawal of PNS modulation and an increase in SNS activity. Both exercise 
and hypoxic conditions influence ventilation, and inturn ventilation may affect 
HRV, thereby influencing the conclusions drawn (Angelone & Coulter, 1964; 
Hirsch & Bishop, 1981; Eckberg, 1983; Saul et al., 1989; Brown et al., 1993; 
Novak et al., 1993). In the present study, the HRV values were similar between 
normoxic and hypoxic exposures during rest and the unloaded (0 W) cycling, 
where there were no significant changes in ventilatory variables (Table 7.3). 
The elevated VT and V E during the hypoxic exposure may have influenced HRV 
indices when exercising at 100 W in hypoxic compared to normoxic conditions. 
Nevertheless, there was no difference in fR between the two conditions and 
previous research suggests HF power could be elevated by a larger VT (Hirsch 
& Bishop, 1981). In the present study, VT was elevated during the 100 W 
conditions, yet HF power was reduced, and declined further with the 
introduction of hypoxic conditions. Thus, HRV was not affected during the 
moderate intensity exercise conditions in the manner reported by others (Hirsch 
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& Bishop, 1981). An alternative explanation is that the reduction in Ln HF power 
during moderate exercise in normoxia and exercise in hypoxic conditions results 
in a withdrawal of PNS activity. This is in agreement with the catecholamine 
data (Figures 7.4 and 7.5), which show an increase in concentrations of both 
adrenaline and noradrenaline during loaded cycling exercise (100 W) in 
normoxic conditions and a further additional increase during exercise in hypoxia 
(100 W). During moderate exercise in normoxic conditions, these data indicate 
an increase in SNS stimulation (and possibly withdrawal of PNS activity), with a 
small but additional effect when exercising in a hypoxic environment.  
A long-term facilitation of the SNS response has been found in other studies 
where hypoxic exposures were repeated or intermittent (Morgan et al., 1995; 
Turner & Mitchell, 1997; Xie et al., 2001; Hansen & Sander, 2003). Conversely, 
the present study found that previous hypoxic exposures performed 96 hours 
earlier had no effect on either HRV indices or catecholamine concentrations in 
the subsequent exposure. Consequently, the hypothesis (H02) which stated that 
there would be no differences in the respiratory and autonomic responses at 
rest and during light cycling exercise to two acute hypoxic exposures separated 
by 96 hours, is accepted. Furthermore, an assessment of reliability indicated 
that the catecholamine concentrations, fC and R-R intervals were reliable in all 
conditions, but the frequency domain HRV data did not meet the a priori 
reliability criterion during unloaded cycling in hypoxia, and both loaded cycling 
conditions. Consequently, the null hypothesis (H03) which stated that the HRV 
indices when resting and exercising whilst exposed to normoxic and hypoxic 
conditions will be reliable when repeated after a 96 hours interval can be 
accepted for the fC, R-R interval and catecholamine concentration data, in all 
conditions. The null hypothesis can also be accepted for frequency domain 
indices during the two resting conditions and during normoxic unloaded cycling, 
but must be rejected for the other conditions. Therefore, the alternative 
hypothesis (HA3) which states that the HRV indices did not meet the a priori 
reliability criteria, can be accepted for the frequency domain indices during 
hypoxic cycling and the normoxic loaded cycling. These findings are at odds 
with the data shown in Chapter Four, where both unloaded and loaded exercise 
in normoxic conditions met the reliability criteria. This justifies the note of 
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caution expressed in the earlier chapter. Accordingly, HRV indices should not 
be relied upon as the sole measurement of autonomic activity during exercise in 
hypoxia to indirectly estimate autonomic activity. Alternative measurement 
techniques such as plasma catecholamine concentrations from arterial or 
venous blood samples, noradrenaline spill-over or muscle neurography could 
be used.  
7.5.1 IMPLICATIONS FOR SUBSEQUENT STUDIES  
This study provides evidence that long-term facilitation (elevated neural and 
respiratory responses) was not found with an interval of 96 hours between the 
intermittent hypoxic exposures. This model of hypoxic exposures with an 
interval of 96 hours is a suitable model for subsequent intervention study in this 
programme of work. The unloaded exercise bout provided no additional 
information to the rest and loaded cycling, this exercise will not be used in the 
final study of this thesis (Chapter Eight).   
Despite hypoxaemia as indicated by a reduction in SPo2, the change in some 
participants‘ HRV and ventilatory variables was small which may make the 
detection of a response to an intervention difficult to determine. In order to 
increase the physiological response and the number of ‗responders‘ to hypoxia 
during future studies it was proposed to further reduce the FIo2 to 0.12 (an 
approximate altitude of 4400 m to 4700 m above sea level). Similar inspired O2 
fractions and field expeditions travelling to equivalent altitudes are commonly 
found in the literature and therefore comparisons can be made with these data. 
In this study, the average SPo2 level was 89 % during the hypoxic exercise. The 
suggested threshold level of saturation for acute hypoxia-induced sympatho- 
excitation is 80 % (Smith & Muenter, 2000). A greater autonomic response may 
be achieved during rest with a further reduction in O2 concentration. This may 
allow greater clarity in the interpretation of the autonomic responses to the 
subsequent experiment in this thesis, which will focus on the effects that 
repeated cold-water immersions have on the autonomic responses to hypoxia. 
Previous research has also shown that there is a large variation in individuals‘ 
ventilatory response to hypoxia (Hirshman et al., 1975; Hedemark & 
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Kronenberg, 1982) and participants have been separated into groups based 
upon R-R interval data during hypoxic exposures (Maximov & Maximova, 2004). 
In the present investigation, two groups of subjects were identified based upon 
the difference in response of fC and V E during loaded cycling (100 W) between 
the normoxic and hypoxic conditions. The responders (hypoxic sensitive group) 
demonstrated a greater hypoxia induced increase in fC and V E than the non-
responders (hypoxic insensitive). Use of the SPo2 data to aid this process was 
investigated, however the range of data did not reflect the response to 
hypoxaemia. As a result of this finding, subsequent studies will assess the 
subjects for their response to hypoxaemia and ensure that hypoxic sensitive 
and insensitive participants are equally distributed between control and 
intervention groups. In order to do this a familiarisation period will be performed 
to assess participants‘ response to hypoxic conditions.  
It is concluded that HRV indices and catecholamine concentrations were 
predominantly influenced by exercise, with a smaller additional effect occurring 
during moderate exercise in hypoxic conditions. There was no lasting SNS 
effect after an identical set of normoxic and hypoxic exposures had been 
performed 96 hours earlier. In addition, the reliability of the catecholamine 
concentrations and time domain HRV indices can be confirmed, but frequency 
domain HRV data did not meet the stated criteria in all conditions. 
Consequently, HRV should not be used alone to assess autonomic activity in 
hypoxic environments when exercising. 
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8. STUDY FIVE: CROSS-ADAPTATION: THE EFFECT OF COLD-WATER 
HABITUATION ON EXPOSURE TO HYPOXIA 
8.1 INTRODUCTION 
Increases in industrial activity, scientific research, adventure trekking and a 
larger number of military operations are now conducted at moderate to high 
altitudes. Larger numbers of people need to adapt to the cold and hypoxia 
experienced at altitude. The most effective way to adapt to altitude is to ascend 
gradually, or participate in an altitude acclimatisation programme immediately 
prior to the ascent (Hackett et al., 1988; Basnyat & Murdoch, 2003; Schoene, 
2008). Such acclimatisation programmes are expensive and time consuming, 
and in the case of military personnel and sometimes for industrial employees, 
deployments to altitude take place at short notice. This does not allow time for 
many of the specific adaptations to altitude to occur (described in Sections 2.2.4 
and 2.2.5). Therefore, it may be possible to develop a general adaptation that 
provides some benefit whilst adaptations that are more specific develop once at 
altitude. 
Terrestrial settings frequently combine environmental stressors, for example 
cold and hypobaric hypoxia at altitude. Yet, physiological adaptations to 
environmental conditions are often studied in isolation. In addition, there is 
limited information about the effects that adaptation or habituation to one 
environment has on exposure to another, such as the effect cold habituation 
has on the responses to hypoxia. Animal experiments suggest that a generic 
autonomic adaptation provided by short repeated cold-air exposures can result 
in a reduction in the SNS response to novel environmental stimuli, such as 
acute hypoxia (forming a ―cross-adaptive‖ effect, LeBlanc, 1969). Groups of rats 
that lived in consistently cool environments, did not demonstrate an improved 
response to hypoxic conditions. Others have also reported that prolonged 
moderately cold conditions had no effect (Fregly, 1954), or a detrimental effect 
on survival time in  hypoxic conditions (Fregly, 1953; Altland et al., 1972; 1973). 
This may be the result of a specific metabolic adaptation to the cold stressor, 
whereas the short repeated very cold air exposures performed by LeBlanc 
(1969) did not provide a specific adaptation to the cold, but a generic autonomic 
CHAPTER 8. CROSS-ADAPTATION: COLD HABITUATION AND HYPOXIC EXPOSURE  
141 
 
habituation, which attenuates the SNS nervous activity to both the cold and the 
hypoxic stressors. 
In humans it is known that repeated short cold-water immersions attenuate the 
initial cardio-respiratory responses to cold immersion (Keatinge & Evans, 1961; 
Golden & Tipton, 1988) as well as decreasing circulating catecholamine 
concentrations (Jansky et al., 1996; Huttunen et al., 2001; Leppaluoto et al., 
2001). This suggests that repeated immersions in cold-water result in a 
habituation which involves an attenuation of the initial SNS response. At 
present, it is not known if the cold habituation of human volunteers also 
provides a cross-adaptation to another environmental stressor, such as 
exposure to acute hypoxia. 
Part of the effector response to hypoxia is an elevated SNS activation (Mazzeo 
et al., 1991; Mazzeo et al., 1995). Much greater SNS responses have been 
reported in individuals who develop AMS symptoms, compared to those without 
(Hoon et al., 1976; Loeppky et al., 2003; Lanfranchi et al., 2005; Chen et al., 
2008; Kamimori et al., 2009). Therefore, if the adrenergic response to hypoxia 
can be blocked or reduced, this may result in an attenuation of the number and 
severity of AMS symptoms. Therefore, habituation to the cold by repeated short 
cold-water immersions may provide a generic autonomic cross-adaptive 
response to hypoxia and reduce the number and severity of symptoms of AMS. 
The aim of this study was to establish if a cross-adaptive effect occurs when 
human volunteers are acutely exposed to hypoxia after habituation to short 
repeated immersions in cold-water. As there was no lasting effect of hypoxia 
between the two exposures described in Chapter Seven, the model was used to 
investigate the occurrence of a generic autonomic cross-adaptation between 
cold habituation and exposure to acute hypoxia. In the intervening period 
between the acute hypoxic exposures participants performed repeated water 
immersions, one group in thermoneutral water (TW, control group) and the 
other in cold-water (CW, intervention group). 
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8.2   HYPOTHESES 
It was hypothesised that: 
H01 Cardio-respiratory and autonomic responses to acute hypoxia will not 
differ between the repeated thermoneutral and cold-water immersion 
groups. 
HA1 There would be a reduction in the cardio-respiratory responses and SNS 
activity in response to acute hypoxia after the cold-water intervention, 
that does not occur in the thermoneutral water control group.  
H02 Autonomic and cardio-respiratory responses to repeated warm or cold-
water immersions will not differ. 
HA2 Cardio-respiratory responses decline and autonomic balance is changed 
with a reduction in SNS activity and greater PNS modulation following 
repeated immersions in cold-water. 
8.3  METHODS 
8.3.1 EXPERIMENTAL PROCEDURES  
The study followed a between groups repeated measures design, with all 
participants undertaking two hypoxic exposures (FIo2 0.12), a baseline 
assessment and a further identical exposure 96 hours later. In order to increase 
the physiological response and the number of ‗responders‘ to hypoxia at rest a 
further reduction in the FIo2 to 0.12 (an approximate altitude of between 4400 m 
and 4700 m above sea level) from an FIo2 of 0.15 was made (an approximate 
altitude of  between 2800 m 3000 m above sea level. Similar inspired O2 
fractions and field expeditions travelling to equivalent altitudes are commonly 
found in the literature and therefore comparisons can be made with these data. 
During the interval between the normoxic/hypoxic exposures the participants 
undertook six feet-first, seated head-out immersions into stirred cold-water 
(CW) or thermoneutral-water (TW). Two immersions were performed each day, 
one each morning and afternoon (Figure 8.1), with a minimum of four hours 
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between each. Volunteers were not told which water temperature they would be 
immersed in until immediately prior to the first immersion.  
8.3.2  PARTICIPANTS 
Thirty two healthy male volunteers gave their written informed consent to 
participate in the ethically approved study. Their personal characteristics are 
detailed in Table 8.1 and are separated into the two groups CW and TW. The 
HS and HI participants were evenly distributed between the two groups. 
During the first visit, participants completed a health history questionnaire, gave 
their informed consent to take part in the study and performed Forced 
Expiratory Volume in 1 second (FEV1) and Forced Vital Capacity (FVC) 
respiratory measurements (Spirometer, Vitalograph, UK). A venous blood 
sample (4 mL) was also drawn and sent to Midland Pathology Services Limited 
(Birmingham) for a full blood count (FBC). Following this, the participants were 
invited to attend a medical appointment with the independent medical officer, or 
a suitably qualified deputy, they were presented with the completed 
questionnaire and data from the blood and respiratory tests and excluded 
participants from the study at their discretion.  
Table 8.1. Mean (SD) personal characteristics of the participants in each water 
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In the fortnight prior to the study, participants attended the laboratory and were 
familiarised with the equipment and procedures. They performed a 10 minute 
period of seated cycling (at 100 W), breathing normoxic air and the same 
breathing hypoxic gas (FIo2 0.12). The fC and V E results obtained from this 
period were used to allocate subjects to two groups (hypoxic sensitive, HS and 
hypoxic insensitive, HI). Participants who were allocated as HS had the largest 
increases in fC and V E  from normoxic exercise to hypoxic exercise, and HI had 
the smallest fC and V E responses.  
 8.3.3 HYPOXIC EXPOSURES   
Participants were asked to eat similarly prior to each hypoxic exposure, having 
a light meal approximately two hours prior to the start of the session. The 
hypoxic exposure involved volunteers resting and exercising at 100 W on a 
seated cycle ergometer whilst breathing normoxic (FIo2 0.21) and hypoxic (FIo2 
0.12) gas mixtures on two occasions, separated by 96 hours. A schematic of 
the protocol is provided in Figure 8.1. 
Volunteers arrived at the laboratory, changed into shorts, a t-shirt and trainers, 
they were then instrumented with an ECG, a cannula in a prominent vein in the 
antecubital fossa, a pulse oximeter finger probe and respiratory mask. 
Participants were cannulated and blood sampled through the cannula, in 
accordance with the procedure described in Section 3.7.2. The data collected 
were analysed as described in paragraphs 3.4-3.7. Participants remained in a 
seated position for 20 minutes to allow recovery from instrumentation. At the 
end of this period, a baseline blood sample was taken via the cannula. Further 
blood samples were also taken at the end of each period of rest and exercise.  
After instrumentation and prior to the start of the normoxic/hypoxic data 
collections, participants‘ completed a Brunel mood questionnaire in accordance 
with Section 3.8. 
The mean (SD) ambient temperature and relative humidity of the laboratory 
were 20.4(0.7) °C and 53.6(2.8) % respectively, the PB was recorded 
immediately prior to the start of the data collection. The data collection 
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consisted of four 10 minute sessions, two at rest and two whilst cycling at 100 
W on a seated cycle ergometer. One rest and exercise session was performed 
whilst breathing hypoxic gas (FIo2 0.12), and the other rest and exercise 
sessions involved breathing normoxic  air, the order each of these conditions 
was performed in followed a balanced Latin square design (Table 8.1), this 
order of presentation was repeated four times in each group. A 10 to 20 minute 
break (breathing normoxic air) was given between each bout, for the participant 
to recover fC, V E, and SPo2 to baseline levels. All cycling exercise was 
performed at a cadence of 60 revs.min-1. 
Table 8.2 Latin square order of presentation of conditions  
 Order 
 1 2 3 4 
1 NR HR NE HE 
2 HR NR HE NE 
3 NE HE NR HR 
4 HE NE HR NR 
NR = Rest in normoxia, HR = Rest in hypoxia, NE = Exercise in normoxia 
(cycling at 100 watts, 60 revs.min-1), HE = Exercise in hypoxia (cycling at 100 
watts, 60 revs.min-1)  
 
A subjective assessment of hypoxic symptoms was recorded using a 
questionnaire which is a reduced version of that previously used by the Centre 
for Aviation Medicine (Evetts et al., 2005) and asks participants to grade their 
hypoxic symptoms in severity from 1 to 7 (mild - severe) (Annex D). The 
inventory was completed after each normoxic/hypoxic data collection. 
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Blood samples collected pre and post rest and exercise 
 
 
Figure 8.1. A Schematic diagram of the Study (↓ indicates blood sample collection    thermoneutral and    cold-water immersions). 
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This experiment utilised the newly installed normobaric hypoxic facility in the 
environmental laboratory (Sporting Edge, Sherfield on Loddon, UK). The 
hypoxic facility (Chamber volume = 63 m3) was maintained at a FIo2 of 0.12 
during hypoxic exposures and a room air flush was performed to return the 
environment to normoxic conditions. The hypoxic gas was generated by 
passing compressed air through an oxygen filtration system which injects 
hypoxic gas containing 8%  O2 into the chamber at 800 L
.min-1. This flow rate 
was large enough to prevent the accumulation of CO2 generated by exercising 
participants. A stable FIo2 was achieved within two hours and monitored using 
an independent gas analyser (iBrid MX6, Industrial Scientific Brackley, UK). 
An FIo2 level of 0.12 was used in the present study, the previous withdrawal 
limits of SPo2 declining below 82 % were reviewed. Under guidance from the 
RAF Centre for Aviation Medicine the SPo2 criteria for withdrawal under these 
hypoxic conditions was reduced to <65 % for more than 15 seconds. In addition 
to the estimation of blood oxygen saturation, the O2 and CO2 end tidal 
pressures (PETo2 and PETco2) were monitored. Participants were also withdrawn 
if PETo2 fell below 45 mmHg or PETco2 was lower than 25 mmHg for a period of 
three consecutive breaths. Both PETo2 and PETco2 were measured using a rapid 
responding gas analyser (Powerlab, AD Instruments, Austrialia).  
 
 
Figure 8.2. The rapid responding gas analyser used to examine end tidal 
oxygen and carbon dioxide values. A short capillary tube was attached to a 
respiratory mask.  
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To measure PETo2 and PETco2 a thin capillary tube was attached into the oro-
nasal mask close to the participant‘s mouth (Figure 8.2). This short tube was 
connected to a rapid gas analysing system (ML206 Powerlab gas analyser, AD 
Instruments) which was linked to the data acquisition system. The values 
recorded were converted into PETo2 and PETco2 (mmHg, considering the PB). 
The average recording delay from the turbine to the end tidal CO2 and O2 was 
1.45 s and 1.6 s, respectively. This delay was corrected after completion of the 
data collection. 
8.3.4 WATER IMMERSIONS  
The first water immersions took place on the second experimental day (Figure 
8.2). On arrival at the laboratory, participants changed into swimming shorts 
and were instrumented with a three lead ECG and mouthpiece. The mouthpiece 
was connected to a flow turbine (KL Engineering, California, USA) by 
respiratory tubing and used to calculate inspiratory volume (V I) throughout the 
immersion. One participant in each of the CW and TW groups was also 
instrumented with skin thermistors at four sites (Chest, Bicep, Thigh and Shin) 
during the first and final water immersions. Each participant undertook six, five-
minute head-out seated immersions in a stirred water tank (Figure 8.3). The 
mean (SD) water temperature the thermoneutral-water group were immersed in 
was 34.7(0.4) °C and the cold-water group were immersed in 12.1(0.1) °C. 
These repeated immersions were scheduled for the same time of day on 
consecutive days. The participants were instrumented whilst seated in the chair, 
which was then suspended above the surface of the water for 30 seconds 
before being lowered into the water, volunteers were immersed to the level of 
the axilla using an electric hoist (CPM, Yale Industrial Products Ltd, hoist speed 
8 m.min-1). During the water immersions, the laboratory was maintained at an 
average (SD) ambient temperature of 25.1(1.1) °C and 72.6(6.8) % relative 
humidity.  
Skin temperature was monitored during the resting and instrumentation period 
on four sites (Chest, Arm, Thigh and Shin) in one participant from the CW and 
TW group, during the first and final immersions.  
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Repeated venepunctures were taken before and after the first and final water 
immersions as detailed in Section 3.7.1. 
 
 
Figure 8.3. Participant immersed in cold-water instrumented with a 3-lead ECG 
and breathing through a respiratory hose connected on the inspiratory side to a 
turbine  
8.3.5 BLOOD SAMPLING AND ANALYSES 
The samples collected in EDTA tubes were then analysed for plasma volume 
changes, which were calculated from measurements of Hct and [Hb] in 
accordance with the method described in Section 3.7.3. Blood samples mixed 
with lithium heparin were immediately centrifuged, the plasma supernatant 
collected and stored at -80 °C for the determination of catecholamine 
concentrations by High Performance Liquid Chromatography with 
electrochemical detection (for further information, please see Section 3.7.4 and 
Annex B). Four participants samples were analysed from each group. 
8.3.6  DATA ANALYSES 
The ECG waveform was analysed to calculate HRV during the final five-minute 
portion of each ten-minute bout during the hypoxic exposure, and the final 
three-minute portion of each of the water immersions. The analyses were 
performed in accordance with the method described in Section 3.6. 
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8.3.7  STATISTICAL ANALYSES 
A mixed (between and within subjects factors) ANOVA was conducted to 
assess the impact of the repeated CW intervention on participants‘ responses to 
hypoxia at rest and during moderate intensity seated cycling for all variables.  
A non-parametric Mann Whitney U tests was used to analyse the differences 
between the catecholamine concentrations due to the small number of blood 
samples  analysed (blood samples from four participants in each group were 
analysed) and Bonferroni adjustment was applied for multiple comparisons. 
Catecholamine analysis was performed on the blood samples taken from two 
participants in each of the HS and HI subgroups in the CW and TW 
interventions.  
A spearman‘s rank order correlation coefficient was also used to assess the 
relationship in the CW group between the change in fC from the first to the final 
immersion, and the change in fC from the first to final hypoxic exercise 
exposure.  
8.4  RESULTS 
All volunteers underwent six water immersions, between the two normoxic and 
hypoxic exposures, however one participant from each of the TW and CW 
groups was removed early from one immersion due to an excessive number of 
ectopic heart beats. Both had completed the first two minutes of the immersion. 
There were no differences in Brunel mood scores in either normoxic or hypoxic 
data collection periods in either the TW or CW groups. In addition, there were 
no differences in any variables when the normoxic and hypoxic rest periods 
were compared before or after the CW or TW immersions (Table 8.3, Figures 
8.4 and 8.5). 
8.4.1 RESPONSE TO HYPOXIA AND NORMOXIA DURING EXERCISE 
There were no differences in any variables during normoxic exercise before and 
after the immersions in either the CW or TW group. In the TW group, no 
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differences were found in any of the measured variables between the two 
hypoxic exercise exposures.  
In the CW group compared to the first hypoxic exercise exposure, the second 
hypoxic exposure produced a significant increase in R-R interval (P=0.004), 
RMSSD (P=0.01), Ln HF power (P<0.001), and reductions in fC (P=0.002), Ln 
LF:HF power ratio (P=0.003) (Table 8.3), adrenaline (P=0.042, Figure 8.4), 
noradrenaline concentrations (P=0.003, Figure 8.5), V E (P=0.016), and V O2  
(P=0.001,Table 8.4). No differences were observed in Ln LF power, Ln total 
power, SDNN and SPo2 between the hypoxic exercise exposures in the CW 
group before and after the cold habituation.  
During the second hypoxic exercise exposure, the Ln HF power was not 
significantly different between the CW and TW groups, but R-R intervals were 
higher (P=0.041) and fC, Ln LF:HF power ratio (Table 8.3), adrenaline, 
noradrenaline concentrations and V E (Table 8.4) were significantly lower in the 
CW compared to the TW groups (P=0.045, P=0.002, P=0.004, P=0.002, 
P=0.003, respectively). 
 
Figure 8.4..Plasma volume corrected adrenaline concentrations at rest and 
when cycling at 100 W in normoxic and hypoxic conditions before and after  
cold-water habituation (n=4) or thermoneutral water immersions (n=4). * = 
difference between hypoxic exposures 1 and 2 (P<0.05), † = difference 












Exposure 1 Exposure 2 Exposure 1 Exposure 2







































Indivdual data hypoxic exercise (100 Watts)
Mean hypoxic exercise (100 Watts)





CHAPTER 8. CROSS-ADAPTATION: COLD HABITUATION AND HYPOXIC EXPOSURE  
152 
 
Figure 8.5. Plasma volume corrected noradrenaline concentrations at rest and 
when cycling at 100 W in normoxic and hypoxic conditions before and after  
cold-water habituation (n=4) or thermoneutral water immersions (n=4). See 
Figure 8.4 for further details.  
 
Table 8.3. Mean(SD) HRV indices during loaded cycling (100 W) whilst 
breathing hypoxic gas (FIO2 0.12) before and after the repeated water 
interventions  















   141(12)    144(9)    142(13)    134(13)*† 
R-R intervals 
(ms) 
   428(38)    417(27)    426(40)    447(47)*† 
SDNN (ms)      16(20)      14(11)      12(11)        9(5) 
RMSSD (ms)        4.4(3.1)        3.7(1.8)        5.8(2.6)        3.5(1.7)* 
Ln total power 
(ms2) 
    4.1(1.3)     3.5(0.8)      4.0(1.4)     4.0(1.3) 
Ln HF (ms2)    1.5(1.4)    1.6(1.3)     1.3(1.1)      2.4(1.2)* 
Ln LF (ms2)    2.4(1.4)     2.1(1.4)     2.3(1.5)     1.5(0.9) 
Ln LF:HF ratio    1.4(0.7)    1.2(0.5)     1.4(0.6)       0.7(0.3)*† 
* = different between hypoxic exposures 1 and 2 (P<0.05) 
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During the first hypoxic exercise condition compared to the normoxic exercise, 
there was a significant reduction in R-R intervals (P<0.001), RMSSD (P<0.001) 
, Ln Total power (P<0.001), Ln HF power (P<0.001), Ln LF power (P<0.001), Ln 
LF:HF power ratio (P=0.011), SPo2 (P<0.001) and an increase in fC (P<0.001), 
adrenaline (P<0.001), and noradrenaline concentrations (P<0.001). In addition, 
during the first hypoxic exercise condition compared to the normoxic exercise 
exposure the following were significantly increased; fR (P=0.019), VT (P<0.001), 
V E (P<0.001), V O2  (P<0.001), V CO2 (P=0.003) and RER (P<0.001). No 
differences in the SDNN were found in either group when normoxic and hypoxic 
exercise was compared. 
Table 8.4. Mean(SD) of the respiratory responses to cycling exercise (100 W) 
whilst breathing hypoxic gas (FIo2 0.12) before (1) and after (2) the repeated 
water interventions 
 




















   27(4)               26(4)     27(6)     22(5)* † 
V E (L
.min-1) 50.1(6.2) 50.5(6.2)     50.9(7.1)     47.2(3.9)* † 
V O2  (L
.min-1)  1.9(0.4)  2.0(0.3)  1.8(0.3)  1.7(0.2) † 
V CO2 (L
.min-1)  2.2(0.3)  2.3(0.3)  2.3(0.2)   1.8(0.3)* † 
RER  1.3(0.1) 1.2(0.1)  1.2(0.1)   1.1(0.1)* † 
SPo2 (%) 75.1(3.7) 73.9(4.9)    74.4(4.3)     72.1(4.6) 
 
* = different between hypoxic exposures 1 and 2 (P<0.05) 
† = different between groups (P<0.05)  
8.4.2  SENSITIVITY TO HYPOXIA 
During the hypoxic exposures, there were no differences in any variables in 
either the TW hypoxic sensitive and insensitive subgroups, before or after the 
immersion in thermoneutral water. After exposure to the repeated cold-water 
immersions, the CW hypoxic sensitive subgroup had a significantly greater 
increase in the Ln HF power compared to the CW hypoxic insensitive 
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(P=0.045), TW hypoxic sensitive (P=0.003) and TW hypoxic insensitive 
(P=0.001) subgroups (Figure 8.6). 
Those in the hypoxic sensitive CW group also had the greatest reduction in 
peak fC between the first and final cold-water immersions and had the largest 
reduction in peak fC (beats
.min-1) from the first to the second hypoxic exposures 
(r=0.59, P=0.017, Figure 8.7).  
 
Figure 8.6. Mean(SD) of the change in log transformed high frequency power 
between the first and second hypoxic exercise exposures with the cold water 
and thermoneutral water groups separated into hypoxic sensitive and hypoxic 
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Figure 8.7. Change in peak cardiac frequency from the first to the final cold-
water immersions  against the change in peak cardiac frequency to hypoxic 
exercise separated by those in the hypoxic sensitive group and hypoxia 
insensitive group (r=0.59, P=0.017). 
8.4.3 SUBJECTIVE RESPONSES TO HYPOXIA 
The number of hypoxic symptoms and symptom severity did not differ between 
the CW and TW groups during the first hypoxic exposure. During the second 
hypoxic exposure, after cold habituation the CW group had a significant 
reduction in the number of hypoxic symptoms (P=0.035) and symptom severity 
(P=0.016) compared to the first exposure, and in comparison to the second 
exposure in the TW group (P=0.042, P=0.013, number and severity of 
symptoms respectively, Figures 8.8 and 8.9). No additional differences were 
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Figure 8.8. Mean (SD) number of symptoms during the hypoxic exposures 
(before and after the water immersion intervention) for participants in the 
thermoneutral water immersion group (n=16) and cold-water immersion group 
(n=16). † = different from first hypoxic exposure (P<0.05), * = difference 
between CW and TW (P<0.05).  
 
Figure 8.9. Mean (SD) Symptom scores during the hypoxic exposures (before 
and after the water immersion intervention) for participants in the thermo-neutral 
water immersion group (n=16) and cold-water immersion group (n=16). † = 
different from first hypoxic exposure (P<0.05), * = difference between CW and 
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8.4.4 COLD VERSUS THERMONEUTRAL WATER IMMERSIONS  
The final three minutes of the first and final water immersions were analysed for 
HRV, the results are presented in Table 8.5. In the TW group there were no 
differences in any of the variables between the first and sixth (final) immersion. 
When comparing the first and final immersions in the CW group there was an 
increase in the R-R intervals (P=0.004), RMSSD (P=0.014), Ln total power 
(P=0.025), Ln HF power (P=0.003) and Ln LF power (P=0.018) and a significant 
reduction in fC (P<0.001), Ln LF:HF power ratio (P=0.023), adrenaline (P=0.04 
Figure 8.10) and noradrenaline concentrations (P=0,001 Figure 8.11). For both 
the first and final immersions, the CW group had a greater fC (P<0.001 and 
P=0.005 respectively), and decreased R-R interval (P<0.001, P=0.008) 
compared to the TW group. In addition, during the first immersion in the CW 
group the SDNN, RMSSD, Ln Total power, Ln HF power and Ln LF power was 
significantly reduced (P=0.027, P=0.022, P=0.001, P<0.001 and P=0.001), and 
Ln LF:HF power, adrenaline and noradrenaline concentrations were greater 
(P=0.005, P=0.021, P=0.029) compared to the TW group (Table 8.4).  
Table 8.5. Mean(SD) of the HRV during the first and final water immersions in 
thermoneutral (TW) (n=16) or cold-water  (CW) (n=16).  
 










.min-1)   76(9)   72(8)   98(14)†   81(8)* † 
R-R intervals 
(ms) 
807(115) 851(115) 634(106)† 747(81)*† 
SDNN (ms)   89(63)   85(51)   47(25)†   60(19) 
RMSSD (ms)   84.9(80.5)   86.8(78.5)   29.2(25.5)†   53.1(25.7)* 
Ln total power     8.3(1.3)     8.3(1.3)     6.8(0.9)†     7.9(0.7)* 
Ln HF (ms2)     7.3(1.7)     7.4(1.5)     4.9(1.5)†     6.7(1.3)* 
Ln LF (ms2)     7.2(1.3)     7.3(1.1)     5.6(1.1)†     6.6(0.7)* 
Ln LF:HF (ms2)     1.0(0.1)     1.0(0.1)     1.2(0.2)†     1.0(0.2)* 
 
* different between immersion 1 and 6 P<0.05 
† different between CW and TW groups P<0.05 
 





Figure 8.10. Mean and individual data for the change in plasma volume 
corrected Adrenaline concentrations during immersions 1 and 6 (the first and 
final immersion) in either cold-water (n=4) or thermoneutral water (n=4). * = 
different between immersions 1 and 6 (P<0.05), † = different between CW and 
TW groups (P<0.05).  
 
Figure 8.11. Mean and individual data for the change in plasma volume 
corrected Noradrenaline concentrations during immersions 1 and 6 in either 
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The fR,  V I and fC recorded during the first and last water immersions of both the 
CW and TW groups are shown in Figures 8.12 to 8.14. The TW group had a 
similar fR, V I and fC during the first and final immersions. The three variables 
were elevated during the whole exposure in the first CW immersion compared 
to the TW immersions (all P<0.05). During the final CW immersion, the  V I was 
elevated compared to the TW group for the whole immersion (P<0.05), but 
reduced compared the first CW immersion (P<0.05). During the first minute of 
the final CW immersion, the fR was elevated compared to the TW immersions 
(P<0.03), but was significantly reduced compared to the first CW immersion 
(P<0.05). The fC response to the final CW immersion was not different to the 
TW immersions, and from the first to the final CW immersion fC was higher in 
the first immersion between 50 s and 4 minutes 30 s (P<0.05). 
 
 
Figure 8.12. Mean (SD) Respiratory frequency (fR) during immersions 1 and 6  
in the thermoneutral water (n=16) or cold-water groups (n=16). † = difference 
between first CW and second CW immersions (P<0.05), *  = difference between 
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Figure 8.13. Mean (SD) Inspiratory volume during immersions 1 and 6 in the 
thermoneutral water (n=16) or cold-water groups (n=16). † = different from CW 
first immersion for the whole immersion (P<0.05), * = difference between CW 
and TW for the whole immersion (P<0.05). 
  
Figure 8.14. Mean (SD) cardiac frequency (fC) during immersions 1 and 6 in the 
thermoneutral water (n=16) or cold- water groups (n=16). † = first CW 
immersion different from final CW immersion (P<0.05), * = different from first 
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8.5  DISCUSSION 
The present study found that habituation to cold-water immersion reduced the 
circulating catecholamine concentrations and increased the HF power of HRV 
indices during acute hypoxia when exercising in hypoxic sensitive individuals. 
These results suggest that cold habituation reduced SNS stimulation and 
increased PNS activity when exercising during subsequent hypoxic exposures. 
This environmental cross-adaptation resulted in reduced physiological strain (an 
alteration in autonomic balance and reduced cardio-respiratory responses) 
during exercise in hypoxic conditions. The null hypothesis (H01) that stated 
cardio-respiratory and autonomic responses to acute hypoxia would not differ 
between the repeated thermoneutral and cold-water immersion groups can be 
rejected. This enables the alternative hypothesis (HA1), that cold habituation has 
a cross-adaptive effect on the response to acute hypoxia when exercising, to be 
accepted.  
The results of the present study support the work of LeBlanc (1969) in rodents, 
and extend them to human participants. These experimental results are in 
contrast to the findings of Fregly (1953, 1954) and Altland et al (1973) who 
exposed rodents to prolonged moderately cold air exposures before the addition 
of a hypoxic environment. The effects reported during hypoxic exposures by 
Fregly (1953, 1954) and Altland et al (1973) may be the result of a specific 
metabolic habituation to the cold, which increases oxygen consumption to 
defend internal body temperature. In an oxygen depleted environment, the 
increased metabolic rate may have accounted for the rats‘ reduced tolerance to 
hypoxia. In contrast, in the present study, the cardio-respiratory and autonomic 
responses to hypoxia were reduced following the cold-water immersions. The 
type of cold exposure used in the present study and that of LeBlanc (1969) 
resulted in an habituation. This is not a metabolic response to prolonged cold 
exposure, but an attenuation of the generic autonomic response to a short 
severe repeated stressor (short water immersions). This suggests that the 
cross-adaptation between cold habituation and hypoxic conditions observed in 
the present study may be mediated by a generic autonomic habituation to a 
stressor rather than a specific response to long-term cold exposure.  
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Two HS and two HI participants‘ blood samples were analysed for 
catecholamine concentrations from the CW and TW groups. Of interest, the 
range of noradrenaline data during the first hypoxic exercise exposure was 
smaller compared to the CW group (Figure 8.5). This difference between the 
range of individual values was not apparent in the adrenaline data (Figure 8.4), 
and there is no explanation for these results as the participants blood samples 
were chosen for analysis as they had the median fC responses of the HS and HI 
subgroups within the TW intervention group.  
Although HRV analysis was considered an unreliable technique during exercise 
in hypoxic conditions (Chapter Seven), the HF power data followed the same 
pattern as the catecholamine concentration data during the hypoxic exercise 
exposures. The HRV analysis could be performed on all participants at minimal 
cost. Consequently the HRV data from all participants (n=32, 16  in the TW and 
CW groups) has been used to supplement the catecholamine data analysed 
from the subsample of eight  participants (four in the TW and CW groups). 
The permanence of the autonomic cross-adaptation has not been determined, 
or whether it will hinder more specific physiological changes (form a 
maladaptive response) which result in an adaptive response to altitude and 
hypoxia. During chronic exposures to hypoxia or altitude, SNS activity increases 
during the initial period of adaptation (Mazzeo et al., 1991; Mazzeo et al., 1994), 
it may be that the attenuation of the SNS autonomic activity which occurred in 
the present study during hypoxic conditions as a consequence of cold 
habituation, may delay more specific longer-term physiological adaptation from 
occurring. Consequently, the effect that cold habituation has on longer 
exposures to hypoxia or altitude requires investigation.   
In addition, it has not been established if reverse cross-adaptation with repeated 
hypoxic exposures would affect the response to cold. However, this may require 
a hypoxic stimulus which would elicit a response of the magnitude observed 
during initial immersion in cold-water.    
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8.5.1 SENSITIVITY TO HYPOXIA 
The elevated Ln HF power in the CW HS group and the reduction in 
catecholamine concentrations during the second hypoxic exercise suggest that 
autonomic balance may have shifted away from SNS predominance to include 
more PNS activity in these individuals. In addition, those individuals with the 
greatest change in cardio-respiratory variables and autonomic balance when 
cold habituated also had the largest reductions during exposure to acute 
hypoxic conditions (Figure 8.7). However, identification of these HS individuals 
is not straightforward; there were no discernable differences in their physical 
characteristics in comparison with the other subgroups (Table 8.1).  
The catecholamine results suggest that reductions in circulating volumes 
occurred in the CW group during the second hypoxic exercise exposure, even 
though two of the participants were in the HI group. This suggests that a 
reduction in SNS activity occurred in both the HS and HI participants in the CW 
group, but HRV may not have been sensitive enough to detect the change in 
some cases. This adds further weight to the argument that the large variability 
in the HRV data may have prevented a significant increase in Ln HF power from 
being observed in the CW group as a whole, compared to the TW group during 
the second hypoxic exposure. In addition, the reduction in ventilatory drive 
during the second hypoxic exposure in the CW group may account for some of 
the changes in HRV. Elevated inspiratory activity inhibits the cardiac PNS tone 
(Brown et al., 1993). Consequently, the reduction in fR of the CW group during 
the second hypoxic exercise exposure may result in an increase in HF power. 
As a result, changes in HRV indices may not reflect alterations in autonomic 
balance. The combination of the two measurement techniques (HRV and 
plasma catecholamines concentrations) was justified, to indicate and 
corroborate the balance of autonomic activity that occurred during the 
experiment.  
8.5.2 COLD-WATER HABITUATION 
Similar to the first cold-water immersion in the present study, studies 
investigating single immersions in cold-water have provided evidence of 
elevated catecholamine responses in humans compared to resting in 
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thermoneutral environments (Keatinge et al., 1964; Wilson et al., 1970; 
Wilkerson et al., 1974). In the present study, repeated cold exposures resulted 
in a decrease in the circulating adrenaline and noradrenaline concentrations 
(Figures 8.10 to 8.11), therefore the null hypothesis (H02) can be rejected in 
favour of the alternative (HA2) which stated that autonomic and cardio-
respiratory responses to repeated warm or cold-water immersions would differ. 
This was also observed in studies of outdoor swimmers when tested in the 
Autumn and then again in the Spring (Huttunen et al., 2001). However, others 
have only observed a decrease in plasma noradrenaline concentrations 
(Leppaluoto et al., 2001), with no change in circulating adrenaline values, and 
Jansky et al (1996), reported no change in catecholamine concentrations after 
repeated cold water immersions. In the present study the immersions were five 
minutes in duration, these repeated short immersions resulted in an habituation, 
ameliorating the SNS autonomic response. The present study supports 
previous research (Keatinge & Evans, 1961; Golden & Tipton, 1988), which 
suggested that repeatedly exposing humans to short cold-water immersions 
results in an attenuation of the cardio-respiratory activity that forms the ‗Cold-
Shock‘ response and is believed to be caused by an habituation of the SNS 
autonomic system.  
The HF power is elevated (Miwa et al., 1997; Perini et al., 1998; Schipke & 
Pelzer, 2001) when immersed in warm-thermoneutral water at rest compared to 
sitting in warm ambient conditions (air temperatures between 26 °C  to 30 °C 
and water temperatures between 27 °C and 34.5 °C for the references 
provided). This suggests a PNS predominance occurs when immersed in warm 
or thermoneutral water in comparison to similar temperatures in air, and may 
occur due to the hydrostatic pressure experienced during immersion increasing 
venous return, which enhances diastolic filling, increases stroke volume and Q , 
whilst reducing fC. In the present study, the low catecholamine concentrations 
and the high HF power during thermoneutral water immersions indicates that 
there was little SNS activity. While elevated catecholamine concentrations and 
Ln LF:HF power ratio and a reduced Ln HF occurred during the first cold-water 
immersion. By the final cold-water immersion (immersion six) catecholamine 
concentrations and the Ln LF:HF power ratio was reduced and LnHF power 
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increased compared to the first immersion. This indicates that autonomic 
balance was changed with repeated cold-water immersions, resulting in a 
reduction in SNS activity and possibly a gradual increase in PNS tone as a 
result of cold habituation. Yet the catecholamine concentrations and HRV 
remained above levels found during thermoneutral water immersion. Previous 
research which investigated HRV indices in cold-air also showed that HF power 
was increased with repeated exposures (Westerlund et al., 2006). Yet, the 
observed increase in HF power with repeated cold exposures in the study of 
Westerlund and colleagues (2006) may be due to the reduced ventilatory 
response  to the cold which consequently increases HF power. The present 
study also indentified reductions in fR and  V I  with repeated immersions in cold-
water (Figures 8.12 and 8.13). Consequently, the Ln HF power may have been 
influenced by the change in ventilatory variables rather than an alteration in 
autonomic balance. 
It was also of interest that during the final immersion in cold-water there was 
little fC response but there was still a ventilatory response (elevated  V I and fR). 
Although fC is usually coupled to the ventilatory response by RSA (Yasuma & 
Hayano, 2004; Blain et al., 2005),  V I and V E are under partial voluntary control, 
and can be elevated or suppressed for comfort whereas fC can be driven by 
independent reflexes which may explain the uncoupling of this relationship 
8.5.3 APPLICATION AND CONTRAINDICATIONS 
As well as providing a quick and easily achieved generic autonomic adaptation 
to acute hypoxic exposures, it is possible that the cold habituation response to 
short cold-water immersions reduces the SNS autonomic responses to altitude 
exposure, and may reduce symptoms of AMS in some individuals. Altitude 
sickness has been associated with increased SNS activity (Hoon et al., 1976). If 
SNS activity can be attenuated by the generic adaptation resulting from cold 
habituation, then there may be a reduction in cases of AMS. Although AMS was 
not directly examined in the present study, the number and severity of AMS 
symptoms during the second hypoxic exposure were reduced in the CW group 
(Figures 8.8 and 8.9). These data suggest that the number and severity of 
symptoms that were reported by participants in the CW group was reduced 
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during the second hypoxic exposure compared to both the TW group and the 
first hypoxic exposure. This was also confirmed from subjective comments that 
members of the CW group felt their breathing was ‗less laboured‘ and ‗it felt 
easier to breathe‘. However, the effect the cold habituation intervention has on 
the symptoms of AMS during long-term exposures to hypoxia and altitude is not 
known and should be investigated.  
The use of repeated cold-water immersions may be contraindicated for some 
individuals because of the potential to exacerbate existing conditions. It is 
recommended that individuals who have any of the following conditions should 
not use the cold-water intervention as this may have deleterious effect on the 
existing condition; cardiovascular disease (abnormal heart rhythms, a history of 
cardiovascular or cerebrovascular incidents,  a family history of sudden cardiac 
death under the age of 40 years), freezing (frost bite) and non-freezing  cold 
injuries, peripheral vascular insufficiency such as Raynaud‘s, poorly controlled 
epilepsy, asthma where cold-water immersion is a known trigger and people 
who have previously had an allergic reaction to cold-water (cold-water urticaria). 
It is concluded that repeated cold-water immersions resulted in an habituation to 
immersion in cold-water and a reduction in the SNS autonomic and cardio-
respiratory responses during moderate intensity exercise when acutely exposed 
to hypoxia. This response may provide a generic autonomic cross-adaptive 
effect for some individuals who are acutely exposed to hypoxia and can also 
reduce the number and severity of AMS symptoms. The duration of this cross-
adaptation when exposed to hypoxia is not known and warrants further 
investigation to establish if the cross-adaptation influences adaptations to 
chronic hypoxic exposures. It is also unclear without prior exposure to hypoxia 
or cold-water immersion, which individuals will demonstrate cross-adaptive 
responses.  
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9. SUMMARY, GENERAL DISCUSSION AND CONCLUSIONS 
9.1 SUMMARY OF FINDINGS   
From the early studies reported in this thesis, it was concluded that the 
frequency domain HRV indices were reliable, but several indices were close to 
exceeding the a priori reliability criteria. In addition, increases in exercise 
intensity and cadence resulted in a decline in HRV indices (Chapters Four and 
Six). HRV was also influenced by ventilation (Chapters Five and Six). 
Therefore, it was important to standardise the power output and cadence to limit 
ventilatory changes due to alterations in metabolic activity, and monitor 
ventilation, as well as use a second measurement tool to assess autonomic 
activity during the later studies.  
In the study described in Chapter Seven it was established that catecholamine 
concentrations and HRV indices were predominantly influenced by exercise, 
with a smaller additional effect occurring during moderate intensity exercise in 
hypoxic conditions. A repetition of the conditions 96 hours later found no 
evidence of a long-term facilitation of catecholamine responses or HRV indices. 
Reliability statistics performed on the two data sets indicated that the 
catecholamine concentrations, fC and R-R intervals were reliable, as were the 
frequency domain HRV data during both resting conditions (in normoxia and 
hypoxia) as well as unloaded cycling exercise in normoxia. On the other hand, 
the frequency domain HRV data did not meet the a priori reliability criteria 
during unloaded cycling in hypoxia, and during both loaded cycling conditions 
(in normoxia and hypoxia). In addition, two groups of participants (hypoxic 
sensitive versus hypoxic insensitive) were identified based upon the difference 
in response of fC and V E during loaded cycling (100 W) between the normoxic 
and hypoxic conditions.  
The final study described in Chapter Eight established that repeated cold-water 
immersions result in a decrease in SNS activity. After the habituation to the 
cold, an attenuation of the cardio-respiratory and autonomic responses to 
exercise during acute hypoxic exposures was evident. The autonomic SNS 
attenuation which occurred due to the cold-water habituation may have 
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provided a ‗general autonomic cross-adaptive effect‗ during moderate intensity 
exercise in hypoxic conditions. Although repeated cold-water immersions 
attenuated the SNS response to hypoxia, this effect was apparent to a greater 
extent in those who were more sensitive to the effects of hypoxia than those 
who were less sensitive. The variability in response to hypoxic environments 
suggests that some individuals would show more of a cross-adaptive response 
than others, as the hypoxic stressor may not affect the hypoxic insensitive 
individuals, consequently it is not possible to show an adaptation to a stimulus  
if the individual is insensitive to that stimulus.  Identification of hypoxic sensitive 
individuals is not straightforward; as the characteristics (age, height, mass, sum 
of skinfolds and V O2 max) of those in the hypoxic sensitive and insensitive 
groups were similar. Further research is needed to identify individuals who are 
sensitive and insensitive to hypoxia. 
9.2  GENERAL DISCUSSION  
This thesis tested the hypothesis that cold-water habituation would influence the 
responses to acute hypoxia in humans, forming a cross-adaptive effect. The 
results of the study described in Chapter Eight indicate that the hypothesis can 
be accepted. This is the first study in humans which has found a cross-
adaptation to acute hypoxic conditions from cold habituation. Earlier studies 
also found cross-adaptation between the two environments when rats were cold 
habituated (LeBlanc, 1969), but not when cold adaptation had developed 
through chronic cold exposure (Fregly, 1953, 1954; Altland et al., 1973). This 
cross-adaptation between cold and hypoxic conditions occurred by habituating 
the generic autonomic response to cold-water immersion rather than allowing 
specific cold adaptations to develop. In this respect cross-adaptation follows the 
principle of the general adaptation syndrome theory (Selye, 1950), whereby the 
same general responses occur to different stimuli. Adaptations are specific 
changes brought about by repeated exposures (Adolph, 1956), and there are 
many differences in the adaptive responses to cold and hypoxia. Yet, some of 
the initial autonomic responses to hypoxic and cold environments are similar 
(elevated cardio-respiratory activity) and are driven by changes in autonomic 
balance.  
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According to the HRV data the HI participants in the CW group (8 of the 16 
volunteers repeatedly immersed in cold water) did not show an increase in Ln 
HF power in response to the hypoxic exposure when cold habituated. This may 
be due to the indirect nature of the HRV technique used to measure autonomic 
response, and to the low signal to noise ratio. On the other hand, all of the 
volunteers (four from four) catecholamine concentrations reduced in response 
to exercise in hypoxic conditions after being cold habituated. This occurred in all 
volunteers, two of which were from the HS and two from the HI subgroups. 
Therefore, it is likely that cross-adaptation occurred in all of the CW group, yet it 
was only those with the greatest response (HS) that showed an increase in Ln 
HF activity. 
As cold habituation and some of the initial responses to hypoxic exposure are 
centrally driven, it is speculated that the primary site for cross-adaptation 
between cold and hypoxia is the ANS, but the exact mechanism of this cross-
adaptation has not been established. A possible pathway for this cross-
adaptation involves a central neural link between signalling pathways for 
thermosensitive and chemosentive information. Therefore, the SNS habituation 
that may occur in response to repeated cold exposures may also attenuate the 
SNS response to hypoxic conditions. These neurophysiological links have not 
been fully elucidated for the separate effects of either cold or hypoxia. Yet, it is 
known that neurons from the LPN (which relays thermoafferent signals to the 
POA) links to the rVLN (the primary regulator of the autonomic SNS nervous 
system) (Chamberlin & Saper, 1992) and the NTS, which also projects 
neurones to cardio-vascular, respiratory centres and nucleus ambiguus (root of 
PNS motor neurones as well as projecting to the LPN). Therefore, this raises 
the possibility of neural links between the thermosensitive and chemosensitive 
pathways and may provide a mechanism for centrally mediated cross-
adaptation between the environmental stimuli.  
There may also be a molecular explanation for the cross-adaptive effect.  
Research investigating the effect of heat acclimation on subsequent ischaemia 
and hypoxia suggest a role for HIF and HSP 70/72 (Levi et al., 1993; Levy et al., 
1997; Maloyan et al., 2005; Shein et al., 2005; Tetievsky et al., 2008; Heled et 
al., 2009). The process of heat acclimation may prime the HIF and HSP 
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response in preparation for the hypoxic exposure and limit the damage which 
occurs as a result (Horowitz, 2007; Horowitz & Assadi, 2010). HSP 70/72 
expression may also be stimulated by elevated catecholamine concentrations 
(Matz et al., 1996a; Maloyan & Horowitz, 2002; Fleshner et al., 2004; Johnson 
et al., 2005) or by rewarming after a cold exposure (Fujita, 1999). Both of these 
mechanisms may increase HSP expression and reduce the cellular damage 
which results from hypoxia.  
The expression of cold shock proteins (CIRP and Rbm3) are also increased in 
response to cold exposure, and can be induced by hypoxia (Wellmann et al., 
2004). Although the functions of HSP 70/72 and the cold shock proteins are 
under investigation, they are believed to increase protein synthesis, refold 
denatured proteins and protect the cell from damage (Beere et al., 2000; 
Dresios et al., 2005; Horowitz, 2007). The molecular responses (increased  
expression of HSP 70/72, cold shock proteins and HIF) to a recent cold 
habituation process may also provide a form of cellular protection against 
hypoxia. Therefore, before acute exposure to hypoxia, the process of hypoxic 
adaptation may be stimulated by cold habituation as a consequence of  
increased expression of heat shock proteins, cold shock proteins and HIF. This 
may promote many of the specific adaptive processes to hypoxia which result 
from HIF expression, whilst the heat and cold shock proteins may prevent 
cellular damage which may be caused by hypoxia. Further investigation is 
required of these molecular responses to environmental stimuli and the 
mechanism for cross-adaptation.  
Hyperventilation is one of the initial responses to cold-water immersion and 
subsides within the first three minutes (Martin & Cooper, 1978). It is possible 
that repeated immersions in cold-water constitutes respiratory training, due to 
the hyperventilatory response which occurs with each immersion. Therefore, 
when the CW group were re-exposed to hypoxia, breathing frequency was 
lower, and so the effort required to breathe was less. The reduction in 
respiratory frequency would then impact upon cardiac cycling through RSA, 
reducing cardiac frequency accordingly. In light of this, it is reasonable to 
propose that the cardiovascular demands of exercise in hypoxia may be less 
post cold habituation due to reductions in ventilation and respiratory frequency. 
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The V E and V O2  responses to hypoxic exercise were reduced after using 
respiratory muscle training (Downey et al., 2007), on the other hand others have 
found  V E and V O2 were elevated during exercise in hypoxia after respiratory 
muscle training (Keramidas et al., 2010). The amount of respiratory training 
performed in Downey et al.‘s (2007) and Keramidas et al’s (2010) studies was 
much greater than the diminishing ventilatory response to six cold-water 
immersions observed in this study, and therefore the respiratory training 
stimulus was much less. However, this potential mechanism for cross-
adaptation between cold habituation and subsequent hypoxic exposures was 
not examined in this thesis, but warrants further investigation.  
9.2.1 APPLICATION 
Altitude acclimatisation results in specific physiological adaptations, which 
reduce the physiological impact when living at altitude. The cost and time 
implications of performing such a programme at altitude or by using intermittent 
hypoxic training can be considerable. The cold habituation protocol can be 
performed quickly, cheaply and may reduce the autonomic response when 
exposed to altitude or hypoxia, but would not provide the specific adaptive 
responses required to live and work in hypoxic conditions. As a consequence, 
the cold habituation cross-adaptation may be of use to those given short notice 
to ascend to altitude (military personnel, industrial workers living at sea level), 
where time for more specific acclimatisation or hypoxic acclimation training is 
limited. The cross-adaptation may attenuate the autonomic response and the 
discomfort associated with the elevated cardio-respiratory activity during the 
initial hypoxic exposure. At present, it is not known if the attenuation of the 
sympathetic response would help or hinder adaptation to chronic altitude 
exposure (having either an adaptive or maladaptive effect), and requires further 
investigation.  
Elevated catecholamine concentrations are associated with AMS symptom 
development at altitude (Hoon et al., 1976; Kamimori et al., 2009). During 
exposure to hypoxia the SNS activity and the number and severity of short term 
AMS symptoms was reduced in some by the cold-habituation. However, it is not 
known if cold habituation would also reduce AMS symptoms which take longer 
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to manifest and be recognised; such as sleep deprivation, loss of appetite, 
gastrointestinal distress and ataxia. It is necessary to investigate the cross-
adaptation effect during longer exposures to altitude and hypoxia prior to its  
recommendation as a method of altitude preparation for those given little notice 
before ascent to altitude.  
If the cross-adaptation effect between cold habituation and hypoxia was found 
to have an adaptive influence, it is likely that some individuals would benefit 
more than others due to the variation in response to hypoxia. In addition, 
immersion in cold-water also has risks, and is contraindicated for some 
individuals. 
9.3  CONCLUSIONS 
It is concluded that cold-habituation by repeated cold-water immersions 
attenuates the initial rise in SNS activity in response to hypoxia during moderate 
intensity exercise. This effect is more pronounced in some individuals than 
others. The findings of this thesis demonstrate the existence of a general 
autonomic cross-adaptation between cold habituation and hypoxia in humans. 
This may provide a non-specific adaptation of the ANS for individuals not able 
to undertake longer altitude acclimatisation protocols, where specific 
physiological adaptations would occur to counter the physiological challenge 
presented by hypoxia or altitude. It is still to be determined if this cross-
adaptation will help or hinder to specific adaptations to hypoxic or altitude 
environments. In addition, it is still to be established by what precise mechanism 
this occurs.  
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10. ASSUMPTIONS, LIMITATIONS AND DELIMITATIONS 
Several assumptions, limitations and delimitations were associated with this 
experimental programme and have been stated in the following section. 
10.1 ASSUMPTIONS 
The familiarisation processes performed prior to the experimental data 
collection included breathing through an oro-nasal mask, cycling on a loaded 
and unloaded seated cycle ergometer, instrumenting and explaining the other 
equipment used in each experiment. It is assumed that this process was 
sufficient to familiarise the participants with the equipment and protocol and 
remove any learning effects.   
Heart rate variability was used as a non-invasive technique to examine 
autonomic balance in all studies in this thesis. HRV is an indirect measurement 
of autonomic function, and it is believed that HF power reflects PNS activity, but 
this may be influenced by changes in ventilation (Annex A).  
Catecholamine concentrations can be linked to the participant‘s emotional, and 
metabolic status (Smith et al., 1976; Williams et al., 1982). Consequently, it was 
assumed that volunteers were well rested and nourished for the duration of 
each experiment, and answers to BRUMS-Q questions indicated that their 
emotional state was similar during each testing session.  
As described in Section 2.1.1 adrenergic receptor number and sensitivity can be 
altered, and the magnitude of the response is a combination of the 
catecholamine concentrations, adrenergic receptor quantity and sensitivity. It is 
assumed that the individual participants adrenergic receptor quantity and 
sensitivity did not alter for the duration of the experiments described in Chapters 
Seven and Eight. 
During studies where participants were exposed to hypoxic conditions, a 
fingertip pulse oximeter was used to estimate Sao2. It is assumed that the pulse 
oximeter is a reliable measure of Sao2 in a hypoxic environment. The reliability 
of the measurements recorded using the pulse oximeter was assumed to be 
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those stated by the manufacturer (±2 % SPo2>80 %  and ±3 % SPo2<80 %, 
Nonin 7500 Instrumentation Mannual).  
Participants were asked to eat similarly and were given food diaries to complete 
and return during the experiments reported in Chapters Seven and Eight. It was 
assumed that the participants correctly recorded their food intake and abstained 
from the alcohol, caffine and foods which are known to affect the catecholamine 
analysis in the 24 hours before and during the experiments.  
10.2 LIMITATIONS 
Participants were required, in all studies, to breathe through a respiratory mask. 
Breathing through such equipment centres the attention of the individual on 
their breathing and tends to result in abnormal ventilation (Golla & Antonovich, 
1929). These changes may exacerbate ventilatory variables and influence HRV 
indices. In order to minimise the physiological impact participants were 
familiarised with the equipment and the instrumentation process during a 
separate session prior to taking part in the study. 
Catecholamine concentrations in venous and arterial samples differ. Arterial 
blood samples reflect a systemic catecholamine response, whereas venous 
samples can include a localised SNS response (Calbet, 2003). Repeated 
venous blood samples were drawn via a cannula, this procedure can be 
conducted in the laboratory by a trained phlebotomist without the need for 
medical support. Arterial blood sampling requires specialist medical training and 
support, which was not available during these experiments. Therefore, the 
catecholamine concentrations that are reported in the present work reflect both 
the systemic and localised responses to a stressor.  
The concentrations of catecholamines in plasma are a function of the rate of 
appearance and disappearance from different organs and blood volume. During 
these studies, the rates of appearance and disappearance were not measured; 
it may be that increased concentrations occur due to changes in the 
appearance and disappearance rates, or due to blood plasma volume 
alterations. By correcting for changes in blood plasma volume the latter was 
controlled for, however the former was not.  
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A hypoxic gas supply (Chapter Seven) and O2 filtration system (Chapter Eight) 
were used to provide a normobaric hypoxic environment. Excursions to altitude 
expose the body to low barometric pressures as well as hypoxia. Hypobaria 
also exerts a separate influence on physiological responses than those caused 
by hypoxia (Savourey et al., 2003; Savourey et al., 2007; Conkin & Wessel, 
2008), and higher AMS symptom scores (Tucker et al., 1983; Roach et al., 
1996). Greater hypoxaemia, hypocapnia, blood alkalosis, lower O2 arterial 
saturation have been found in hypobaric hypoxic compared to normobaric 
hypoxic environments (Savourey et al., 2003; Savourey et al., 2007). Therefore, 
it is acknowledged that responses to normobaric hypoxia may be exacerbated if 
the research had been performed under a hypobaric hypoxic environment.  
10.3 DELIMITATIONS 
The factors detailed below have been deliberately controlled, primarily for the 
medical well-being and safety of the participants.   
For all studies in this thesis, male participants were recruited from a young 
healthy population. Therefore, the data presented should only be inferred to this 
population. 
Participants producing five or more ectopic beats in a one minute period were 
withdrawn from the exposure (hypoxia, exercise or water immersion). Two 
participants were withdrawn (Chapter Eight) from one immersion each due to an 
excessive number of ectopic beats. Upon removal from the water, the ECG 
trace returned to normal and no further episodes were recorded.  
HRV may be influenced by ventilatory changes. Paced breathing was 
introduced in the studies described in Chapters Four and Five, it was used to 
reduce the variation in ventilation and hence ensure that HRV was more 
representative of autonomic activity. The paced breathing resulted in respiratory 
alkalosis which would cause an additional and unnecessary physiological strain 
during the hypoxic conditions used in the later studies. Consequently, 
ventilation may have altered HRV. Ventilatory indices were recorded in order to 
establish if HRV data had ventilatory or autonomic origins. 
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The maximum quantity of blood which could be drawn limited the size of blood 
samples taken at each sampling occasion. This is a restriction imposed by the 
Research Ethics Committee. This limited the types of analysis which could be 
used. A focus was placed on catecholamine analyses, further investigations 
may wish to establish if there is a molecular basis for the response to hypoxia 
after cold-water habituation, such a mechanism has been established between 
heat acclimation and hypoxia/ischaemia (Maloyan et al., 2005; Horowitz, 2007; 
Tetievsky et al., 2008; Horowitz & Assadi, 2010).  
An optimal method for biochemical analysis of sympathetic activity would be to 
assess noradrenaline spill-over rates using an isotope dilution method (Esler, 
1984). This procedure requires infusion of labelled catecholamines. The 
invasive nature of this technique and the associated cost prohibited the use of 
this method. 
The determination of plasma volume was performed by indirect assessment 
using Hct and [Hb] (Strauss et al., 1951; Dill & Costill, 1974). This method was 
chosen as venous access for withdrawal of blood by venepuncture and 
cannulation was available and changes in plasma volume could be determined 
from the blood samples taken and did not require an infusion technique to be 
performed in hypoxia or whilst immersed in water. This indirect method can 
underestimate plasma volume shift during cold-water immersion and 
overestimate during thermoneutral water immersions (Gordon et al., 2003). An 
alternative approach to determine plasma volume changes would be to use the 
Evans blue technique (Campbell et al., 1958). This relies upon infusion of a blue 
dye and serial withdrawals to determine plasma volume.  
Medical withdrawal of volunteers during acute hypoxic exposures was made 
when the SPo2 fell below 82 % the study described in Chapter Seven. One 
participant was withdrawn for this reason. A reduced FIo2 was used in Chapter 
Eight after taking advice from the Centre for Aviation Medicine (RAF Henlow) 
and participants withdrawn if one of the following criteria was met: SPo2 <65% 
for 15 seconds, PETo2 <45 mmHg or PETco2 <25 mmHg for three consecutive 
breaths. None of the participants were withdrawn following these criteria.  
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11. RECOMMENDATIONS FOR FUTURE EXPERIMENTS 
This thesis set out to answer a specific question, whether cold-water habituation 
influences human responses to acute hypoxic exposure, forming a cross-
adaptation. In the process of reviewing the literature and testing, many other 
questions arose. The following are a short-list of areas that warrant further 
investigation.  
Male participants completed all the studies detailed in this thesis. Future studies 
should determine if a similar cross-adaptation would be present in a female 
cohort. It is already known that females are more thermally sensitive (Golja et 
al., 2003) and produce a more pronounced ventilatory response to hypoxic 
conditions than male participants (Soliz et al., 2009). Therefore, the cross-
adaptive effect between cold habituation and hypoxia may be more prominent in 
females than males. 
The effect of cross-adaptation between cold-water habituation and acute 
exposures to hypoxia has been investigated. It is recommended that this cross-
adaptation should also be examined on longer-term hypoxic exposures, as 
prolonged time spent in hypoxic environments will enable more of the specific 
adaptations to occur. The effects that cold habituation has on the process of 
adaptation to chronic hypoxia or altitude should be investigated to establish if 
the cross-adaptation would aid or hinder long-term adaptation to hypoxic 
environments.  
Exposure to altitude (hypoxia and hypobaria) causes an additional physiological 
burden compared to exposure to hypoxia alone. It would be of interest to 
examine if the autonomic cross-adaptation described could be reproduced in a 
hypobaric hypoxic environment or in the field at altitude.  
Short cold-air exposures increase HSP 72 expression compared to a 
thermoneutral control (Matz et al., 1996). Therefore, it may be that HSP 72 
expression is also increased during repeated cold-water exposures or after the 
exposure when rewarming. Recent studies have provided evidence that HSP 72 
expression is mediated by the action of catecholamines (Matz et al., 1996a; 
Maloyan & Horowitz, 2002; Fleshner et al., 2004; Johnson et al., 2005). It may 
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be that HSP expression is increased by the elevated catecholamine 
concentrations which occur during repeated cold exposures or an expression of 
HSP occurs when rewarming, which provides a molecular adaptive mechanism 
and as a consequence has a cyto-protective effect during subsequent exposure 
to hypoxia.  
Two cold shock proteins (cold induced RNA binding protein, CIRP and RNA 
binding motif protein 3, Rbm3) have also been reported to respond to both cold 
and hypoxia (Wellmann et al., 2004). This cellular response may serve a 
protective role when exposed to hypoxia and ischaemia, as cold exposure can 
reduce metabolic activity, prevent cellular apoptosis, and reduce the production 
of reactive oxygen species (Auer, 2001; Polderman, 2008; Tanaka et al., 2010). 
The cold habituation process may increase the expression of cold shock 
proteins and consequently reduce cellular damage which occurs during 
hypoxia. 
A cross-adaptation was found in cold habituated humans who were 
subsequently exposed to acute hypoxia. It has not been established if the 
cross-adaptation operates in the opposite direction; i.e. would repeated 
exposures to hypoxic conditions influence the response to a novel cold-water 
immersion? 
The question remains unanswered as to whether cold habituation can reduce 
AMS symptoms during chronic exposures to hypoxia. In addition, are there 
other environmental stressors which provide a cross-adaptive effect with  
hypoxia? 
It would also be of interest to establish if the attenuation of the autonomic 
response to acute hypoxia and moderate intensity exercise followed the same 
pattern of preservation found with repeated cold-water immersions. Evidence of 
the preservation of cold habituation was reported 14 months after the initial cold 
water immersions were performed (Tipton et al., 2000). It is not known if the 
cross-adaptation would still be present after this period of time. 
During the final experiment in this study (Chapter Eight), individuals were 
separated into two groups, those who respond more and less to hypoxia 
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(hypoxic sensitive and hypoxic insensitive, respectively). Although this area of 
research is expanding and there is descriptive evidence of the large variation in 
responses of humans to hypoxia. Future studies should investigate why some 
individuals respond more to hypoxic stimuli than others. In addition, further 
research is required to identify the differences between hypoxic sensitive 
‗responders‘ and hypoxic insensitive ‗non-responders‘, so that interventions and 
adaptations strategies can be targeted appropriately.   
In this thesis, a potential mechanism of autonomic habituation has been 
speculated upon. This may be mediated by neural links between the 
thermoreceptive and chemoreceptive foci. Another possible mechanism could 
be through changes in cellular and molecular responses which are habituated 
or primed by the cold habituation prior to the hypoxic exposure. Such 
mechanisms warrant further study. 
For this programme of research, HRV and venous plasma catecholamine 
concentrations were used as indirect measurements of autonomic activity. It 
would be of interest to establish if other methods of autonomic assessment, 
(blood pressure variability, muscle sympathetic nerve activity, noradrenaline 
turnover) could confirm the findings of these studies. 
It would also be of interest to establish if the autonomic cross-adaptation could 
be found between different environmental stressors, or other training stimuli. As 
it would allow the exploration of the links or mechanisms of the cross-
adaptation, which could be exploited for therapeutic and adaptive purposes. 
Linear HRV analysis methods have been used in the experiments in this thesis. 
However, further mathematical developments with non-linear methods are on-
going and may reduce coefficients of variation and give more sensitive PNS and 
SNS activity data, thus providing an improved non-invasive indirect 
measurement of autonomic function. Consequently, in future improved HRV 
analysis techniques may provide a more reliable and valid technique with which 
to describe autonomic activity.   
There are a number of unanswered questions regarding the regulated reduction 
in body temperature induced by hypoxia in humans, these include: An 
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investigation of the mechanism of decline in body temperature when exposed to 
hypoxia/altitude may elucidate if the change in thermoregulatory response is 
under central autonomic control, or is a failure of the thermal effector 
responses. In addition, the effects that acclimation to hypoxia has on the 
hypoxic thermoregulatory responses has not been investigated. Further study of 
human  thermoregulatory responses when acclimatised to hypoxia or altitude 
warrants further investigation.  
Further studies may look to answer these questions. At what level of 
hypoxia/altitude does the regulated decline in body temperature occur, and is 
the point at which body temperature stabilises, reduced as the level of hypoxia 
is increased? In addition, does hyperoxia increase deep body temperature? 
Furthermore, does the use of supplemental oxygen attenuate this regulated 
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ANNEX A. HEART RATE VARIABILITY (HRV)  
The heart is a myogenic organ, cardiac contraction is controlled by the 
depolarisation of the Sino-Atrial (SA) node, and without other inputs would 
contract at approximately 100 beats.min-1 (Rowell & O‘Leary, 1990). A regular 
heartbeat is generally perceived to be a sign of cardiac health. Nevertheless, 
the rhythm of a healthy heart is characterised by significant beat-to-beat 
variability which was originally documented by Hales (1733) and fluctuates in 
response to moment-to-moment physiological changes (Carnethon & Craft, 
2008). For instance, highly variable HRV and longer R-R intervals1 can be seen 
in aerobically fit and healthy individuals at rest (Hautala et al., 2003, 2004) 
(Figure A.1 top graph). Whereas, a low HRV and shorter R-R intervals (Figure 
A.1 bottom graph) reflect poor autonomic tone and possibly disease (The Task 
Force of the European Society of Cardiology and the North American Society of 
Pacing Electrophysiology, 1996). Consequently, a heart in sinus rhythm with a 
large variability in cardiac frequency is better able to respond to changing 
external and internal environments compared to a heart which has less 
variability. 
 
Figure A.1 Graphs of raw R-R interval data, (top thin line) healthy individual 
and (bottom thinner line) diseased patient. 
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A.1 APPLICATION OF HRV 
Heart rate variability was originally used as an indication of morbidity and 
mortality (Kleiger et al., 1987; Kleiger et al., 1991). It  was established as an 
independent predictor of mortality after an acute myocardial infarction (Kleiger 
et al., 1987), and can be indicative of a number of morbidities and co-
morbidities, such as diabetic neuropathies (Malpas & Maling, 1990; Ziegler, 
2001) metabolic syndrome (Liao et al., 1998) and peripheral arterial disease 
(Goering et al., 2008). HRV is limited as a diagnostic tool due to many 
physiological influences, but the method of deriving HRV is non-invasive, adds 
no extra burden to clinical staff or to patients (Carnethon & Craft, 2008) and 
thus, provides a quick and simple method of assessing the morbidity.  
Indices of HRV have also been employed in a range of research situations, from 
studies focusing on the links between anxiety and physiological functions 
(Friedman & Thayer, 1998; Dishman et al., 2000), to the assessment of 
autonomic activity (Hirsch & Bishop, 1981). HRV has provided many separate 
areas of research with a non-invasive method of analysis, and is purported in 
cognitive psychophysiology to be a marker of mental effort (Pagani et al., 1991; 
Wood et al., 2002; Hjortskov et al., 2004), whereas anaesthesiological 
experimentation has monitored the depth of anaesthesia by HRV (Berntson et 
al., 1997). Studies have also shown the effect habitual levels of physical activity 
has on HRV (Sacknoff et al., 1994; Davy et al., 1996; Bonaduce et al., 1998). 
Consequently, HRV could provide an opportunity to study the complexities of 
autonomic function without perturbing the underlying physiological systems. 
Yet, this process requires an understanding of the limitations and complexities 
of HRV, the main points relating to this thesis are discussed in this Annex. 
A.2 AUTONOMIC INDICATOR 
HRV indices can be divided into time and frequency domains. The time-domain 
parameters are the most simply calculated directly from the raw R-R interval 
time series. These are descriptive indices that do not correlate with 
physiological processes and may be different between humans and other 
species (Schumacher, 2004). The simplest time domain indices are the mean 
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R-R interval and standard deviation of the R-R intervals, often denoted as 
SDNN; the standard deviation of normal to normal beats. These measures are 
the first of two classes of time-domain measurement, the second class of 
variables are based on differences between adjacent cycles and further assess 
variability of the R-R interval in different ways, such as RMSSD (the root mean 
square of successive differences) which is sensitive to cardiac PNS activity 
(Penttilä et al., 2001; Berntson et al., 2005).  
Variability can result from the mathematical interpretation involved in preparing 
the data for analysis of HRV. The first step in the process is to produce R-R 
interval tachograms from the ECG or fC data (Figure A.1). However, the 
relationship between R-R intervals and fC is not linear (Sacha & Pluta, 2008) 
(Figure A.2). For instance, if fC at rest was between 40 beats
.min-1 to 60 
beats.min-1 the variability of R-R intervals is much smaller when the heart rate 
during steady state exercise was between between 100 beats.min-1 to 120 
beats.min-1. Therefore, R-R intervals can be variabile as a result of this 
mathematical rule and not because of a change in autonomic activity.  
 
Figure A.2. The relationship between R–R interval and fC. The oscillations of a 
slow average fC (diagonal lines) result in much greater oscillations of R–R 
intervals, than the same oscillations of a faster average fC (white boxes). As a 
consequence, the variability of R–R intervals is higher for the slow average fC 
than for the fast one despite the fact that the variability of fC is the same (Sacha 
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Frequency domain decomposes the total power of the data series into 
frequency components (Berntson et al., 1997). HRV has shown at least two 
distinct regions of frequency domain activity. It has been demonstrated through 
pharmacological interventions that high frequency (HF, 0.15 Hz to 0.4 Hz) HRV 
are associated with cardiac PNS activity (Akselrod et al., 1981; Pomeranz et al., 
1985; Pagani et al., 1986). Whereas, low frequency (LF, 0.04 Hz to 0.15 Hz) 
readings have been suggested to reflect mainly SNS outflow (Malliani et al., 
1991), but are thought to be of both SNS and PNS origins (Akselrod et al., 
1981; Pomeranz et al., 1985; Jokkel et al., 1995; Mansier et al., 1996). This is 
determined by the use of pharmacological interventions such as PNS and SNS 
blockade drugs, atropine and propranolol, as well as sympathomimetics, such 
as isoprenaline (Goldberger et al., 1994; Houle & Billman, 1999). The ratio of 
LF:HF power obtained has also been shown to indicate autonomic balance in 
assessing HRV (Bianchi et al., 1997). For example, a large LF:HF ratio 
suggests predominantly SNS control, whereas a small LF:HF ratio indicates 
predominantly PNS activity (Berntson et al., 1997; Zhong et al., 2004). The 
LF:HF ratio assumes the LF is mediated solely by the SNS, despite the 
prevailing understanding that LF reflects SNS and PNS nervous output 
(Akselrod et al., 1981; Pomeranz et al., 1985; Pagani et al., 1986; Zhong et al., 
2004). Therefore, the utility of LF:HF ratio has not gained wider clinical 
acceptance, current evidence suggests that PNS contributions to the LF 
component are as significant as those of the SNS. Consequently, the LF:HF 
ratio would be an approximation of autonomic activity and not an accurate 
measurement (Houle & Billman, 1999).  
Other fluctuations occur below LF and HF frequencies in very low and ultra low 
frequencies (VLF and ULF). These VLF and ULF oscillations have been studied 
much less than higher frequencies, and may describe factors other than 
autonomic activity, such as thermoregulatory cycles (Bianchi et al., 1997; Zhong 
et al., 2007), fluctuations in plasma renin activity (Akselrod et al., 1981), 
posture, breathing, state of arousal (Berntson et al., 1997) and other humoral 
factors (Cerrutti et al., 1995). This combination of factors increases the difficulty 
in determining if there are further frequencies which are autonomic in origin. 
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A.3 ANALYTICAL TECHNIQUES 
To calculate the frequency domain measurements of HRV there are a number 
of mathematical techniques that can be employed. These include linear and 
non-linear methods, however, a single analytical technique has not been agreed 
upon as the ‗gold standard‘. 
The spectrum computed from Fast Fourier Transforms (FFT) (Equation A.1) is 
derived from all the data and is deterministic in its assumptions, i.e. that one 
data point will influence the next. Whereas, Autoregression (AR) (Equation A.2) 
techniques assume the data contain deterministic and stochastic (random) 
variables, the approach is more selective and attempts to exclude noise 
(Berntson et al., 1997). Accordingly, the signal components not fitting the model 
are treated as noise and removed (Parati et al., 1995). Thus, when there is no 
reason to believe that the data are generated from a system that produces a 
fixed frequency, the FFT approach is recommended (Berntson et al., 1997). 
Alternatively, when a rhythm is expected at a discrete central frequency, or 
when the number of data points is low, the frequency resolution provided by AR 
may be preferred (Parati et al., 1995), and AR data are more easily interpreted 
as they are smoothed and filtered (Cerrutti et al., 1995). However, the results 
from both techniques may be similar (Parati et al., 1995). Further computational 
discussion of these techniques can be found in Cerrutti et al (1995) and Stroud 












 Y f  2   Equation A.1 
∆t = sampling period 
N = number of samples 
Y(f) = time Fourier transform 
 
P f = 
v2∆t
 1+  aiz
-iP
i=1  z= exp j2πfi∆t 
2            Equation A.2 
V= variance 
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Analytical methods such as FFT and AR require the data to be stationary, i.e. 
exhibiting a stable mean and variance (Chatfield, 1989), the R-R intervals 
should be derived from a sinus rhythm with few ectopic beats (Cerrutti et al., 
1995). Whilst this is practical during rest, it is less easily achieved during 
moderate exercise (Kamath & Fallen, 1995) even in steady state, or when 
exposed to stimuli that results in physiological strain (Berntson et al., 1997), 
such as high intensity exercise (Bernardi et al., 1990; Rimoldi et al., 1992). 
Therefore, the assumptions and conditioning requirements for linear analysis 
may not account for all aspects of cardiac performance, as the cardiac system 
is a dynamic, non-linear, non-stationary system, which is continually fluctuating 
on a beat-to-beat basis (Yamamoto et al., 1991; Malpas, 2002; Schumacher, 
2004). A linear system of mathematics can be decomposed into a number of 
components, in a non-linear system the parts, interfere, cooperate or compete 
(Schumacher, 2004). Therefore a small change can greatly alter the non-linear 
model because of the interactions between the existing conditions and stimuli 
being fed into the system (Hilbourn, 1994) and can be seen to mimic the chaotic 
nature of the activity.  
A number of non-linear techniques are currently being developed which may 
prove to be more suitable than the linear methods which have been favoured 
thus far, but at this stage, there is only a limited literature about these newer 
methods and appropriate software to analyse the data are not forthcoming. 
These newer analytical techniques include Principal Dynamic Modes (Chon et 
al., 1996; Zhong et al., 2004; Zhong et al., 2006; Zhong et al., 2007), course 
gain spectral analysis (Yamamoto & Hughson, 1991; Nakamura et al., 1993), 
multipole method (Epstein et al., 2009) and multi-signal  analysis of ECG, 
arterial blood pressure and instantaneous lung volume (Mullen et al., 1997; 
Chen & Mukkamala, 2008). The work of Chon et al. (1996) showed that 70 % to 
75 % of the variance of resting HRV can be explained using linear mathematics, 
whereas, an additional 10 % to 15 % could be attributed to the use of non-linear 
techniques. Therefore non-linear methods may more accurately calculate the 
activity of the two autonomic branches and reduce the noise in the signal 
compared to linear methods.  
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Poincaré plots (Figure A.3) have also been used to assess the dynamics of fC, it 
is believed to be a non-linear method of analysis (Sandercock & Brodie, 2006). 
This method has several advantages over frequency domain calculations, as it 
may be applied to non-stationary data sets (for example, at the start of exercise, 
or upon immersion in cold water). Researchers have investigated a number of 
techniques, such as fitting of an ellipse to the plot shape (Brennan et al., 2001). 
One of the problems with Poincaré plots is that 90 % of the R-R pairs are used 
(Thong, 2007), and this may not reflect the total HRV for the time period of 
interest. In addition, this method appears insensitive to the non-linear 
characteristics of the R-R intervals (Thong, 2007). This is of concern as the 
Poincaré plot is primarily identified as a non-linear technique. Therefore, further 
work is needed to determine if better methods of characterising Poincaré plot 
geometry can be found.  
 
Figure A.3. A typical Poincaré Plot of R-R intervals. (Guzik et al., 2007). The 
duration of the current cardiac beat (RRi) and the duration of the following beat 
(RRi+1). The points above the identity line correspond to all prolongations, and 
the points below this line represent all shortenings of the interval between 2 
consecutive R-R intervals. SD1 measures the dispersion of points across the 
identity line (minimum ellipse axis), and SD2 measures the dispersion of points 
along the identity line of the Poincaré plot (maximum ellipse axis).  
 
At the present time, there is no consensus on a single optimal approach to 
analysing the R-R interval data (Parati et al., 1995; Berntson et al., 1997). FFT 
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were used to calculate frequency domain measurements of HRV in these 
studies. This linear method of mathematical computation was chosen over non-
linear methods as analysis programmes of such traces have a limited and 
restricted availability and are still in their infancy. In addition, FFT was 
considered in preference to AR as the method does not exclude data and the 
computing power available today will allow calculation of the whole data set 
rather than limiting the analysis and potentially removing some of the signal. In 
the future, as the development of newer non-linear analysis software becomes 
available, it may be preferable to adopt such an approach to the analysis of 
ECG traces. 
A.4  CHRONOTROPIC INFLUENCES 
Chronotropic control of the heart is largely attributable to direct autonomic 
innovation of the SA node, mediated through the neurotransmitters 
acetylcholine and noradrenaline. However, other factors also influence fC 
including hormonal influences, ventilation, exercise and posture.  
HORMONAL FACTORS 
Noradrenaline is released from the sympathetic terminal on to the SA node and 
increases the SA node rhythm through a β1 receptor (Parkinson, 1990). The SA 
node can also be indirectly innervated through the release of adrenomedullary 
catecholamines (adrenaline and to a lesser extent noradrenaline) into the blood, 
which accelerates fC (Brown & Noble, 1974; Brown et al., 1979) and increases 
the cardiac muscle contraction force (Meinertz et al., 1973) which may affect 
HRV.  
Other hormonal factors that may influence HRV include variations in the activity 
of the renin-angiotensin system (Akselrod et al., 1981) and menstrual hormones 
(Sato et al., 1995; Tanaka et al., 2004). Though, evidence of this is conflicting 
as no difference in HRV indices during the menstrual cycle have also been 
reported (Leicht et al., 2003).  
 
 




Changes in ventilation can be seen in fC and occur naturally during the 
breathing cycle, with inspiration resulting in a more rapid fC and expiration a 
reduced fC, which aids efficient ventilation/perfusion within each respiratory 
cycle (Grossman et al., 1991; Taylor et al., 1999; Grossman et al., 2004). This 
phenomenon is known as the respiratory sinus arrhythmia (RSA) and was first 
described by Ludwig in 1847 (cited in Yasuma & Hayano, 2004). 
Changes in the ventilatory parameters fR and VT will affect HRV. The total HRV 
is decreased by an increase in fR (Brown et al., 1993), a high fR also decreases 
HF power (Hayano et al., 1994), whereas, a high VT can increase HF power 
(Brown et al., 1993). Such changes in ventilation may be the result of 
hyperventilation or an exercise stimulus, the interaction of these variables is 
known to alter HRV (Hirsch & Bishop, 1981). For example, increases in VT at 
slow fR result in larger elevations in RSA (and consequently HF power) than the 
same VT would at a more rapid fR (Hirsch & Bishop, 1981). Therefore, 
ventilation may alter RSA and frequency domain indices of HRV independently 
of the autonomic nervous system. 
EXERCISE 
During exercise there is an increased fc and a concomitant reduction in R-R 
interval, an increase in cardiac output, vascular resistance and arterial pressure 
(Smith et al., 1976; Vatner & Pagani, 1976) as a result exercise results in 
several time and frequency domain changes to HRV compared to resting 
conditions. Total power and HF power start to decrease during mild exercise 
(35 % V O2 max), reflecting the progressive PNS withdrawal (Arai et al., 1989; 
Rowell & O‘Leary, 1990; Saito & Nakamura, 1995; Leicht et al., 2008). While at 
moderate exercise intensities, an increase in SNS activity has been observed 
(>60 % V O2 max) (indicated by elevated LF power) (Bernardi et al., 1990; 
Rimoldi et al., 1992; Saito & Nakamura, 1995; Gonzalez-Camarena et al., 
2000). However, others have observed a progressive decrease in LF power 
towards minimal values at V O2 max (Arai et al., 1989; Perini et al., 1990; Casadei 
et al., 1995). This supports the opinion that during exercise, LF power does not 
estimate SNS. In addition, it is suggested that the decreases in all power 
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indices which occurs at higher work intensities (in excess of 65 % V O2 max) 
(Perini et al., 1998; Leicht et al., 2008) may be the result of a greater 
contribution from non-neural mechanisms. These mechanisms may include 
baroreceptor modifications (Rowell & O‘Leary, 1990) or an effect of the 
mechanical respiratory modulation in fC (Casadei et al., 1995; Perini et al., 
1998; Cottin et al., 1999; Bartels et al., 2003). Therefore, the efficacy of HRV 
monitoring to assess autonomic activity during high intensity exercise has been 
questioned (Perini et al., 1990; Casadei et al., 1995; Perini et al., 1998; Perini et 
al., 2000; Malpas, 2002). 
However, Bartels & colleges (2004) replicated the fR and VT during incremental 
exercise when resting (exercise-like ventilation), and found that the changes in 
ventilatory variables did not produce significant changes in LF and HF power 
indices of HRV when normal blood gas homeostasis was present, where the 
incremental exercise did. This evidence suggests that the HRV recorded during 
exercise, represents true cardiac autonomic modulation rather than power 
spectral alterations associated with changes in ventilation. Therefore, there is 
still debate about the role ventilatory variables play in altering HRV, 
consequently it is important to monitor and consider them when HRV indices 
are reported.  
HRV during a range of exercise modes and intensities have also been 
investigated. Measurements of HRV have been made during upper body as well 
as lower body exercise (Leicht et al., 2008). Upper body, compared to lower 
body exercise of the same work rate results in an increased heart rate and a 
reduced stroke volume (Eston & Brodie, 1986), and an elevated blood pressure 
(Astrand et al., 1965). This may be due to the smaller skeletal muscle pump of 
the arms, which as a consequence provides of a reduced venous return for 
dynamic arm compared to leg exercise (Toner et al., 1983). In addition, SNS 
activity is elevated more in response to arm compared to leg exercise (Davies 
et al., 1974), which may affect HRV indices. Initial examinations of the effects 
the exercise mode would have on HRV in this laboratory recommended a 
position where the participant could maintain a relaxed upper body, such as 
seated cycling (Lunt, unpublished observation). Upright cycling exercise 
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resulted in a noisy ECG trace, which increased the number of artefacts. These 
artefacts could then be spuriously calculated into frequencies during the 
spectral analysis, whereas seated cycling reduced this noise. 




ANNEX B. CATECHOLAMINE CONCENTRATIONS  
Determination of catecholamine concentrations can be used as an indirect 
assessment of the level of SNS activity (Hjemdahl, 1993), and to diagnose 
catecholamine-producing tumours (Kushnir et al., 2002). Analysis of 
catecholamines presents a number of difficulties because of low 
physiological concentrations (measured in pg.mL-1), short half-life and rapid 
oxidation of the catechol group (Kushnir et al., 2002). Therefore, the methods 
involved in sample preparation and collection are essential to preserve the 
catecholamine concentrations. 
B.1 SAMPLING SITE 
Catecholamine concentrations in humans has been assessed in urine, 
venous plasma and arterial plasma. Early animal and human studies 
extracted catecholamines from urine, at the time this was the only medium 
they could be extracted from (LeDuc, 1963); it is only more recently that 
extraction of catecholamines from blood plasma has been developed. 
Interpretation of the overall SNS activity from urine catecholamine 
concentrations may be difficult, as less than 10 % of circulating 
catecholamines appear in the urine (Ziegler et al., 1990). Consequently, the 
concentrations of catecholamines measured in urine samples are not 
comparable to those in blood plasma. When blood plasma samples are 
taken, the timing of sampling can be easily controlled. Measurements of 
urinary catecholamines represent an estimate of average sympathertic 
activity over longer periods (James et al., 1989). Yet urinary measurements 
have the advantage of being non-invasive and can be used in field settings. 
The longer periods over which urine is collected make it difficult to determine 
the acute responses to specific short-term stressors (James et al., 1989). 
Analysis of urinary catecholamines excretion is non-specific and is 
considered largely obsolete as a test of human SNS activity (Esler, 2000). 
Improved scientific techniques have enabled extraction of catecholamines 
from blood plasma samples, which more accurately reflect the circulating 




concentrations (appearance versus disappearance rate) of adrenaline and 
noradrenaline at a given time.  
The practice of sampling for catecholamines from the antecubital vein to act 
as an indicator for the overall SNS tone is wide spread. Several factors must 
be considered before drawing inferences about SNS activity based on 
antecubital venous noradrenaline. Firstly, the sympathetic innervation of the 
arm contributes substantially to noradrenaline concentrations (Chang et al., 
1986), and therefore changes in antecubital venous catecholamines may 
reflect local as well as systematic SNS activity (Esler, 2000). It is believed 
that up to half of the noradrenaline in venous plasma taken from the 
antecubital vein is derived from the forearm and the other half from the rest 
of the body (Hjemdahl, 1987). Secondly, catecholamine concentrations are 
determined by the rate of release, but also by the rate at which they are 
removed from the circulation (Esler, 2000). However, it is not the rate of 
appearance or disappearance that causes the substantial cardiovascular and 
metabolic effects, but the circulating plasma catecholamine concentrations 
(Seals et al., 2001) and SNS activity per se (Marshall, 1994).Thirdly, SNS 
activity may not be uniform, but may vary considerably between organs 
(Hjemdahl, 1987).  Finally, the removal of catecholamines varies inversely 
with forearm blood flow (Chang et al., 1986; Goldstein et al., 1987). 
Therefore, catecholamine concentrations during low flow conditions 
(vasoconstriction i.e. during acute cold exposure) may differ compared to 
higher flow conditions.  
Arterial sampling has advantages over venous forearm sampling, when 
assessing overall SNS activity. Arterial sampling provides an accurate value 
of the circulating catecholamine concentrations that the organs are exposed 
to (Hjemdahl, 1993), whereas venous sampling may be indicative of 
systemic and local sources of noradrenaline. The main disadvantages with 
arterial sampling are ethical and practical. The insertion of arterial lines can 
cause serious medical complications compared to venous cannulation, 
gaining arterial access must be performed by a physician with appropriate 
medical support, should complications occur. Although venous sampling has 




its limitations, it is a compromise and the data should be interpreted in light of 
this knowledge.  
B.2  SAMPLE COLLECTION 
The method of sample collection, storage conditions and analysis are 
important due to the short half-life of plasma catecholamines. Plasma 
catecholamine concentrations are rapidly catabolised from the blood,  
noradrenaline has a half life of two and half minutes (Silverberg et al., 1978; 
Hagberg et al., 1979), and adrenaline of one and half minutes (LaBrosse et 
al., 1961). Therefore the examination of catecholamines from plasma must 
be performed at speed (Hjemdahl, 1993). 
B.3 ANALYTICAL  TECHNIQUES 
The analysis of catecholamines are based on two main methods, 
radioenzymatic and HPLC. The main challenge when analysing 
catecholamines is in measuring the low basal levels of adrenaline, 
noradrenaline and dopamine in plasma. As a consequence, many 
modifications of these methods exist, which improve precision, speed of 
analysis and are more cost efficient. Radioenzymatic assays have good 
sensitivity and can be used on very small sample volumes, for these reasons 
this used to be the technique of choice. The expense, time-consuming nature 
and difficulty in establishing where errors or mistakes occurred during the 
analysis has meant that with technological advances, automated HPLC has 
become the preferred choice (Hjemdahl, 1993). The HPLC methods are 
quicker to prepare and separation can be automated and error identification 
is straightforward from the chromatograms produced. The two methods show 
good agreement when compared (Hjemdahl, 1987), however, HPLC requires 
larger sample volumes. Yet, despite the greater speed of analysis, extensive 
sample preparation is required as there is potential for interference from a 
large number of endogenous and exogenous compounds. In addition, the 
similarity of the catecholamines (Figure B.1) requires an extended separation 
time in order to identify and quantify the compounds accurately.  




After separation through the HPLC column, a detector is required to qualify 
and quantify the compounds. The HPLC with electrochemical detection 
(HPLC/ECD) is the most often used method of computing catecholamines. 
The ECD is one of the most sensitive detectors and is able to cope with 
analysing small concentrations, and responds to substances which are either 
oxidisable or reducible (Scott, 1998). This technique requires frequent 













            
Figure B.1. Chemical structures of catecholamines, adrenaline (Left) and 
noradrenaline (Right) 
 
Recent technological advances may allow more accurate determination of 
more of the metabolites and precursors  of catecholamines through liquid 
chromatography with mass spectrometry detection (LC/MS)(Chan & Ho, 
2000) or tandem mass spectrometry (LC/MS/MS) (Kushnir et al., 2002). The 
popularity of HPLC/MS has increased because of the improved structural 
specificity that the method offers (Tsunoda, 2006), and therefore may be 
able to measure the precursors and metabolites of catecholamines. At 
present, the sensitivity of the HPLC with mass spectrometry detection is not 
sufficient to quantify all precursors and metabolites in this metabolic pathway 
(Tsunoda, 2006).  
B.5 NORMATIVE VALUES  
In healthy resting humans, adrenaline and noradrenaline values range 
between 40 pg.mL-1 to 80 pg.mL-1 and 200 pg.mL-1 to 400 pg.mL-1 respectively 
(Galbo et al., 1975; Buhler et al., 1978; Hagberg et al., 1979; Orizio et al., 
1988). With increasing exercise intensities close to 100 % V O2 max, 
adrenaline and noradrenaline values have been shown to increase to values 
400 pg.mL-1 and 2200 pg.mL-1 respectively (Galbo et al., 1975).  During the 




initial stages of cold-water immersion similar noradrenaline concentrations 
were also reported (9 pmol.mL-1 [1521 pg.mL-1]) (Jansky et al., 1996), 
however noradrenaline values close to 4000 pg.mL-1 have also been 
reported at V O2 max (Hagberg et al., 1979). These concentrations are also 
consistent with pathophysiological values found in resting patients with  
pheochromocytoma, noradrenaline concentrations can range from 1000 
pg.mL-1 to more than 5000 pg.mL-1 (Bravo & Tagle, 2003), and are 








ANNEX C. RELIABILITY 
Inferential statistics can provide information on cause and effect relationships, 
and are often used to detect bias between data sets and therefore may be 
used to supplement reliability statistics (Atkinson & Nevill, 1998). For instance, 
an ANOVA will provide information that a difference is present between data 
sets, however quantification of this variation is required to assess the reliability 
of the technique during repeated measurements. Therefore, tests of reliability 
should be calculated in preference to tests of differences when the 
consistency of the measurement technique is questioned (Atkinson & Nevill, 
1998). 
The literature qualifies reliability in a variety of ways, consequently, it is 
important to identify the key concepts. The term reliability is often used 
interchangeably with other words, such as reproducibility, repeatability, and 
consistency. Reliability can be defined as the quality of a measure that 
produces scores on repeat administrations of a test (Batterham & George, 
2000), or Safrit and Wood (1989) defined reliability as the consistency of 
measurements. More recently, Williams and Wragg (2004) attempted to 
individually define each term depending on the time between measurements. 
Reproducibility is the variability within a single trial; reliability being the 
variability between same day trials with a distinct time interval between them, 
and constancy referring to separate day reliability. Baumgartner and 
colleagues (2003) used the general term absolute reliability to imply variation 
in an individual‘s measurements across multiple trials, while Hopkins (2000a) 
referred to the reproducibility of values obtained from repeated measurements 
as re-test reliability. The division of reliability terms into within and between 
testing days has also been used. Atkinson and Nevill (1998) and Baumgartner 
et al. (2003) adopt the term stability reliability to indicate the changes which 
occur between testing days, Baumgartner et al. (2003) also suggests the term 
internal-consistency reliability to specify the within day reliability. For the 
purpose of this study the universal term of reliability will be used to indicate the 
level of agreement between repeated measurements of HRV recorded on 
different days.  




Even during rigorously controlled laboratory testing, some factors are outside 
the control of the experimenter. A number of sources of variability exist, these 
are collectively termed measurement error, and include equipment errors and 
human biological variation. Part of the variation is due to measurement error, 
and the majority of the value represents the biological variation, learning 
effects, mood and psychological state (Hopkins, 2000a). The main aim during 
a reliability trial is to quantify and minimise measurement error (Atkinson & 
Nevill, 1998). However, it may be difficult to control all sources of variation. As 
well as there being a number of ways of defining reliability, there are also a 
number of methods used within the literature to calculate it. 
C.1 METHODS OF CALCULATING RELIABILITY 
The importance of appropriate reliability is acknowledged, where the 
requirement for interval and ratio data collected during testing needs to be 
sensitive to the occurrence of minor, but significant changes (Atkinson & 
Nevill, 1998). The monitoring of small changes allows reliability studies to 
asses an individual‘s progress and estimate individual differences that may 
occur during testing (Hopkins, 2000a).  
There is much debate as to which reliability statistic or combination of 
statistics provides the most appropriate indicator of reliability. The terms 
absolute and relative reliability have been used to refer to different types of 
reliability statistics. Absolute methods such as the coefficient of variation (CV) 
and limits of agreement are used in multiple re-test studies, and to compare 
different measurement tools. Whereas, the range of values influence relative 
reliability techniques, these techniques include regressions and correlation 
coefficients. The appropriateness and the limitations of these tests are 
discussed. 
C.1.1 ABSOLUTE RELIABILITY 
In terms of absolute reliability, assuming the sample is normally distributed, 
the suggested statistic to use for within subject measurement variation (intra-
individual variation) is the typical error of measurement (TEM) (often called the 




standard error of measurement SEM).The TEM can also be expressed as a 
co-efficient of variation TEM (CV %) (Atkinson & Nevill, 1998; Hopkins, 
2000a). TEMs indicate the typical error or variation in a participant‘s recorded 
value from measurement to measurement. The TEM and CV are considered 
to be good indicators of absolute reliability as they are unaffected by the 
sample size and range, and are easier to extrapolate to new participants 
(Hopkins, 2000a).  
Both Bland and Altman (1986), and Atkinson and Nevill (1997) are strong 
advocates of the use of LoA as they provide a graphical indication of the 
reliability of a test both in systematic and random error terms. Hopkins (2000a) 
suggests that LoA have several potential limitations; which range from 
interpretation of the interval limits to minimum sample size of 40 repeated 
measurements (Hopkins, 2000b). Consequently, in the present thesis, it was 
decided to use the TEM (CV %) method to assess reliability due to the small 
sample sizes used. 
Co-efficients of variation are often used in clinical laboratory environments 
where errors are much smaller than the combined biological and mechanical 
variability found when working with human participants. Therefore, a problem 
with any measurement of CV is the interpretation of the results and what is 
considered an acceptable threshold of reliability. A TEM (CV %) of below 10 % 
has been chosen arbitrarily (Hopkins, 2000a) and Stoke (1985) cited in 
Atkinson and Neville (1998) suggests that the 10 % threshold should be used 
as an indicator of acceptable agreement when analysing repeated 
measurements of humans. Other than these statements there is no clear 
rationale for the 10 % CV threshold. 
C.1.2  RELATIVE RELIABILITY 
Other statistical methods of assessing reliability include the correlation 
methods of Pearson product moment correlation (r) and Intra-class Correlation 
co-efficients (ICC). Reliability correlation values range from -1 (perfect 
negative correlation) to +1 (perfect positive correlation). Within this range 
there are thresholds to indicate the extent of the correlation. Correlation values 




between -0.79 and +0.79 are not considered to be reliable, r=0.8-0.89 are 
acceptable and r=0.9 have above average reliability (Baumgartner et al., 
2003; Vincent, 2005). Correlation co-efficients can provide a dimensionless 
numerical value from which scatter plots can be interpreted, they are not 
advocated for use with test-retest reliability studies due to the sensitivity of the 
correlation to variance within the data set; as the value of the correlation is 
sensitive to the heterogeneity of the between participants values (Altman & 
Bland, 1983). However, they have been used extensively in the HRV reliability 
literature, normally in combination with another statistic. Additionally, 
correlations cannot imply the direction of a cause and effect relationship 
between two variables, they state that changes in one group may relate to 
changes in another (Bland & Altman, 1986), as there may be other 
unmeasured variables which affect the results (Field, 2005).  
C.2  RELIABILITY IN STATISTICS STUDIES OF HRV 
Within HRV research, differing statistics have been used to document 
reliability. Authors have used the CV to assess HRV test-retest reliability when 
measurements have been performed on different days (Gerin et al., 1993; 
Taverner et al., 1996; Pinna et al., 2007). Alternatively, many have used 
different combinations of statistics to assess the different types of reliability 
(Table 4.1). The different combinations used highlight the varying approaches 
to describing reliability. In addition, a priori thresholds for acceptance of 
reliability may also differ.  
The small participant numbers in the reliability study presented in Chapter 
Four would lend themselves to reliability calculation by CVs and ICCs, these 
methods were also prevalent within the HRV reliability literature and have 
been calculated in this document in order to allow comparisons to previous 
published work.  
  




C.3  IMPROVING RELIABILITY OF HRV INDICES 
Methods of reducing the measurement error have been briefly discussed in 
Chapter Four. Steps to reduce measurement error were made by familiarising 
participants to the environment and study protocols. Reliability was also 
improved by the participants adopting postures which were comfortable and 
could be maintained with minimal movement for the recording period, in 
particular, adopting a seated position on a cycle ergometer which allows 
participants to relax the upper body, which reduces the ECG noise and 
number of artefacts in the R-R interval data (Lunt, unpublished observation).  
The time domain HRV values reported in this thesis are homogeneous, 
however frequency domain HRV indices appear to be heterogeneous. 
Heterogeneity is apparent in many physiological variables (Nevill & Atkinson, 
1997). Therefore, a further method of improving the reliability of HRV could be 
to log transform the raw frequency domain data. Log transforming the data 
improves the normality of the distribution (Bland & Altman, 1996b) reduces the 
heterogeneity of the values and facilitates the use of parametric analysis. 
The use of log transformed frequency domain HRV indices has previously 
been encouraged, and it is recommended that the HRV indices be 
transformed using the natural log (Ln) (Sandercock, 2007). The Ln is preferred 
over the log to the base 10 because there are two variables that can affect the 
function, the base and the x value. With the Ln, since the base is always "e" 
(2.718), the only factor affecting the function is the x value and therefore 
mathematical manipulation is more straightforward (Bland & Altman, 1996a).  
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ANNEX D. HYPOXIA SYMPTOMS QUESTIONNAIRE 
ID Number........ date............ Time............... 
 
Indicate whether you experienced any of the symptoms below by circling NO 
or YES to each item.  If answer is YES, circle the number which best 
describes the severity of the symptom. 
 
   Slight Moderate Severe 




NO YES 1 2 3 4 5 6 7 
3 Nausea NO YES 1 2 3 4 5 6 7 
4 Weakness NO YES 1 2 3 4 5 6 7 
5 Sweating NO YES 1 2 3 4 5 6 7 
6 Visual disturbance NO YES 1 2 3 4 5 6 7 
7 Muscular in-coordination NO YES 1 2 3 4 5 6 7 
8 Muscle cramps NO YES 1 2 3 4 5 6 7 
9 Fatigue NO YES 1 2 3 4 5 6 7 
10 Numbness NO YES 1 2 3 4 5 6 7 
11 Tingling NO YES 1 2 3 4 5 6 7 
12 Apprehension NO YES 1 2 3 4 5 6 7 
13 Euphoria NO YES 1 2 3 4 5 6 7 
14 Irritability NO YES 1 2 3 4 5 6 7 
15 Inability to think clearly NO YES 1 2 3 4 5 6 7 
16 Any other symptoms? NO YES 1 2 3 4 5 6 7 
 















NUMBER OF SYMPTOMS SYMPTOMS SCORE 
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ANNEX E. BRUNEL MOOD SCALE  
 
Date___________ ID Number : ____________ Time of day _____________ 
 
Below is a list of words that describe feelings people have. Please read each 
one carefully. Then circle the answer that best describes HOW YOU FEEL 
RIGHT NOW. Make sure you respond to every word. 
 
 Not at all A little Moderately Quite a bit Extremely 
1. Active 0 1 2 3 4 
2. Alert 0 1 2 3 4 
3. Angry 0 1 2 3 4 
4. Annoyed 0 1 2 3 4 
5. Anxious 0 1 2 3 4 
6. Bad tempered 0 1 2 3 4 
7. Bitter 0 1 2 3 4 
8. Calm 0 1 2 3 4 
9. Cheerful 0 1 2 3 4 
10. Composed 0 1 2 3 4 
11. Confused 0 1 2 3 4 
12. Contented 0 1 2 3 4 
13. Depressed 0 1 2 3 4 
14. Downhearted 0 1 2 3 4 
15. Energetic 0 1 2 3 4 
16. Exhausted 0 1 2 3 4 
17. Happy 0 1 2 3 4 
18. Lively 0 1 2 3 4 
19. Miserable 0 1 2 3 4 
20. Nervous 0 1 2 3 4 
21. Panicky 0 1 2 3 4 
22. Relaxed 0 1 2 3 4 
23. Restful 0 1 2 3 4 
24. Satisfied 0 1 2 3 4 
25. Sleepy 0 1 2 3 4 
26. Tired 0 1 2 3 4 
27. Uncertain 0 1 2 3 4 
28. Unhappy 0 1 2 3 4 
29. Worn-out 0 1 2 3 4 
30. Worried 0 1 2 3 4 
31. Mixed-up 0 1 2 3 4 










SCORING FOR THE BRUMS-32 
 
Add the responses for the responses to each of the subscales: 
 
 
Anger = ANGRY + ANNOYED + BAD TEMPERED + BITTER  
 
Tension = ANXIOUS + NERVOUS + PANIC + WORRY  
 
Depression = DEPRESSION + DOWNHEARTED + MISERABLE + UNHAPPY  
 
Vigour = ACTIVE + ALERT + ENERGETIC + LIVELY  
 
Fatigue = EXHAUSTED + SLEEPY + TIRED + WORN-OUT  
 
Confusion = CONFUSED + UNCERTAIN + MIXED-UP + MUDDLED  
 
Happy = CHEERFUL + CONTENT + HAPPY + SATISFIED  
 
Calmness = CALM + COMPOSED + RELAXED + RESTFUL  
 
 
 
 
